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Deactivation by carbon deposition is a common challenge in many catalytic processes 
involving hydrocarbons, such as Steam Reforming (SR) of methane over Ni-based 
catalysts and Fischer-Tropsch Synthesis (FTS) over Co-based catalysts. In this thesis, 
first principles Density Functional Theory (DFT) calculations and experimental studies 
were combined to understand the deactivation mechanism of supported Co catalysts 
under realistic FTS conditions. Through understanding the mechanism that causes Co 
catalysts to deactivate during FTS, boron is proposed as a potential promoter to enhance 
its stability.  
 
Under realistic FTS conditions of 240 °C, H2:CO = 2 and P = 20 bar, a 20 wt%       
Co/γ-Al2O3 catalysts were examined for deactivation in a micro-fixed bed reactor for 
200 hours. Over this period, the catalyst lost 30% of its maximum activity with a first 
order deactivation rate coefficient of –1.7x10-3 hr-1. Characterization of the spent 
catalysts with XPS after wax extraction indicates the presence of two types of resilient 
carbon species, that is, surface carbide and a polyaromatic carbon. Their experimental C 
1s binding energies of 283.0 and 284.6 eV respectively compares well with DFT-PBE 
calculated core level binding energies of 283.4 eV for a p4g surface carbide and     
284.5 eV for an extended graphene island. 
 
According to DFT calculations, the most stable form of carbon on Co catalyst is 
chemisorbed graphene with a carbon binding energy of –770 kJ/mol and a Gibbs free 
energy of reaction of –116 kJ/mol under FTS conditions. The high thermodynamic 
 VII 
stability indicates that graphene can form readily over Co catalyst under FTS conditions. 
This is followed by p4g surface carbide with a binding energy of –751 kJ/mol. On-
surface carbon was computed to be less stable than graphene, with a binding energy of –
658 kJ/mol while the stability of subsurface carbon at –660 kJ/mol is comparable to on-
surface carbon. Hence, there is no thermodynamic driving force for diffusion of carbon 
to the subsurface octahedral sites on Co catalyst. For CH and CH2 species which are 
believed to be FT intermediates, both have comparable thermodynamic stability, at –18 
and –17 kJ/mol respectively. Both graphene and p4g clock carbides species grow from 
the step edges. Carbon atoms may diffuse into the step edges to form the p4g surface 
carbide or grow out of the steps to form stable graphene strips. Though extended 
graphene islands are very stable, small graphene strips are still less stable due to 
unsaturated edge sites. It appears that hydrogen termination of the edge carbon atoms 
may enhance the stability of graphene strips.  
 
To improve the stability of Co catalysts against carbon deposition under realistic FTS 
condition, boron was added as a promoter. The application of boron to Co catalyst as a 
potential promoter follows from earlier studies for boron promoted Ni catalysts in 
Steam Reforming (SR) and boron promoted Co catalysts in propane dehydrogenation. 
In both studies, promotion with boron reduced deposition of deleterious carbon on both 
catalysts. From here, detailed DFT calculations indicate that boron chemisorption on Co 
surface mimics carbon chemisorption on the same surface. Similar to carbon, boron was 
calculated to bind strongly at the step sites. Additionally, it also induces a p4g clock 
reconstruction growing from the step edges. Both forms of boron are 
 VIII 
thermodynamically more stable than boron oxide (B2O3) and diborane (B2H6) under 
realistic FTS conditions. The presence of boron at the step sites and at p4g clock sites 
was calculated to reduce the stability of carbon at nearby sites by shifting the d-band 
center away from the Fermi level. Furthermore, as a potential promoter, displacement of 
boron atoms at clock and step sites by surface carbon atoms was calculated to be 
thermodynamically unfavorable.  
 
To verify this proposal, 20 wt% Co/γ-Al2O3 catalyst were promoted with 0.5 and 2.0 
wt% boron. Characterization studies indicate that 0.5 wt% boron has a limited effect on 
the reducibility of Co catalyst as well as the nature and number of H2 and CO 
adsorption sites. Nevertheless, higher boron concentrations such as 2.0 wt%, 
significantly decrease catalyst reducibility, H2 uptake and CO adsorption. Using similar 
reaction conditions for FTS, Co/γ-Al2O3 catalyst promoted with 0.5 wt% boron have 
comparable maximum activity and C5+ selectivity with the unpromoted catalyst. 
However, unlike the unpromoted catalyst, the boron promoted catalyst retains more 
than 95% of its maximum activity even after 200 hours on stream. When space velocity 
was increased, after 48 hours, the maximum CO conversion for the unpromoted catalyst 
reduced from 54% to 41%. On the other hand, CO conversion remained at 53% for the 
0.5 wt% boron promoted catalyst.   
 
After FTS reaction, both the boron promoted and unpromoted catalysts were examined 
with Temperature Programmed Hydrogenation (TPH), Thermal Gravimetric Analysis 
(TGA), X-ray Photoelectron Spectroscopy (XPS) and Transmission Electron 
 IX 
Microscopy (TEM). Characterization study indicates that the concentration of resilient 
carbon deposits reduced by 3-fold on the 0.5 wt% boron promoted catalyst and may 
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rows of Co atom from the top layer of a p(2x8) slab. Top view 
(A) and side view (B). 
 
55 
Figure 3.4 Buchi rotary evaporator with temperature bath control (A) and 
Carbolite electric furnace (B).  
 
63 
Figure 3.5 Quantachrome Autosorb 1C instrument allows complete 
surface characterization of porous solids with combination of 





Figure 3.6 Quantachrome Autosorb 6B instrument is a fully automated 




Figure 3.7 Bruker D8 XRD instrument is a fully automated instrument for 
powder x-ray diffraction measurements. 
 
66 
Figure 3.8 Perkin Elmer FTIR 2000 instrument (A) with Harrick “Praying 
Mantis” DRIFTS cell (B). 
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Figure 3.9 B XPS spectra for H2 reduced γ-Al2O3 support promoted with 2.0 
wt% boron.  
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Figure 3.9 C XPS spectra for H2 reduced Co/γ-Al2O3 catalyst promoted with 
2.0 wt% boron.  
 
70 
Figure 3.9 D XPS spectra for H2 reduced Co/γ-Al2O3 catalyst promoted with 
0.5 wt% boron.  
 
70 
Figure 3.10 Setaram Setsys Evolution 12 instrument used for TGA 
analysis. TGA technique measures the variation of a mass of a 




Figure 3.11 Tecnai TF20 High Resolution Transmission Electron 




Figure 3.12 Fully automated micro fixed-bed reactor system (IMTECH, 
Netherlands) and a simplified process flow diagram describing 
the operation of the reactor system. 
 
73 
Figure 4.1 TPR profiles illustrating the effect of promotion with 0.05 
wt% Pt on the reducibility of a 20 wt% Co/γ-Al2O3 catalyst. 
 
86 
Figure 4.2 CO conversion as a function of time on stream for a 20 wt% 
Co/γ-Al2O3 promoted with 0.05 wt% Pt FTS catalyst. Reaction 




Figure 4.3 TPH profile for a 20 wt% Co/γ-Al2O3 catalyst after 200 hours 
on stream. The experimental profile (▬) was deconvoluted 
using Gaussian profiles (▬). The average temperature and 
92 
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corresponding coverage for each peak are indicated. 
 
Figure 4.4 C 1s XPS spectra for a 20 wt% Co/γ-Al2O3 catalyst, after 
calcination in air (▬), and after 200 hours of FTS (▬). The 
peak around 284.6 eV can be attributed to a combination of 
amorphous and polyaromatic carbon species, while the peak 
around 283.0 eV corresponds to a Co carbide phase.  
 
95 
Figure 4.5 Selected HRTEM image for a 20 wt% Co/γ-Al2O3 catalyst 
after 200 hrs of FTS, indicating the presence of both 
amorphous and polyaromatic-like carbon. 
 
97 
Figure 4.6 Adsorption sites on a stepped Co surface created by removing 
four rows of surface Co atoms from a three layer, p(2x8) 
Co(111) slab. Top (A) and side view (B). S denotes step sites, 
E1 and E2 are near-step hollow sites, Sub is a subsurface site, 
and H indicates an hcp hollow site on the lower terrace. 
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Figure 5.3 Effect of boron promotion on the CO DRIFT spectra after 
exposure of 20 wt% Co/γ-Al2O3 catalyst to a 2% CO/Ar 
mixture at atmospheric pressure and 25 °C. 
 
128 
Figure 5.4 Boron 1s XPS spectra for boron promoted 20 wt% Co/γ-Al2O3 
catalysts and for a reference γ-Al2O3 support impregnated with 
2.0 wt% boron, after reduction in 50 Nml/min H2 at 500 °C. 
The experimental signal (—) has been deconvoluted using 
gaussian profiles (▬ and ▬) centered at the position of boron 
oxide (191.4 eV) and Co boride (Co2B, 188.1 eV). The relative 
integrated intensities of the peaks are indicated. 
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Figure 5.5 Effect of boron promotion on the CO conversion as a function 
of time on stream for a 20 wt% Co/γ–Al2O3 FTS catalyst. (a) 
Long term stability test. Reaction conditions: 240 °C, 20 bar, 
H2/CO ratio of 2.0, Wcat/Ftotal = 7.5 gcath/mol and duration of 
200 hours. The decrease in conversion is described by a first 
order deactivation model (―) and the first order deactivation 
rate coefficients, k, are indicated. (b) To evaluate the effect of 
boron promotion on the FTS activity and selectivity at lower 
CO conversion, the catalysts were evaluated for a higher 




Figure 5.6 Catalyst characterization after 200 hours of FTS. (a) TPH 
profiles for an unpromoted (▬) and boron promoted (▬) 20 
wt% Co/γ-Al2O3 catalyst. The corresponding coverages for 
weakly adsorbed, intermediate and resilient carbon species are 
indicated. (b) C 1s XPS spectra for an unpromoted (▬) and a 
boron promoted (▬) catalyst, after wax extraction. The 
spectrum for a calcined, unpromoted catalyst (―) is provided 
for reference. The peak around 284.6 eV can be attributed to a 
combination of amorphous and poly-aromatic carbon species, 
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Fischer-Tropsch Synthesis (FTS) converts synthesis gas, a mixture of CO and H2, to 
various hydrocarbons, such as transportation fuel and chemical feedstocks. Since 
FTS fuels meet stringent environmental requirements and synthesis gas can be 
produced from a variety of sources such as natural gas, coal and renewable biomass, 
FTS has regained interest from industry and academia (Dry, 1996, 2002; Boerrigter 
et al., 2002). Another impetus driving the resurgence of FTS is the dwindling supply 
of crude oil and the associated high prices. Both Fe and Co-based catalysts are used 
industrially. While Fe-based catalysts are less expensive, Co-based catalysts show a 
higher activity, lower water gas shift (WGS) activity and higher paraffinic nature of 
the synthetic crude (Iglesia, 1997; Moodley et al., 2009).  
 
However, supported Co catalysts deactivate slowly under FTS conditions. 
Therefore, improving the stability of Co-based FTS catalysts, but without affecting 
their excellent activity and selectivity, has important industrial significance. Several 
mechanisms acting simultaneously or in succession might be responsible for the 
gradual catalyst deactivation (van Berge and Everson, 1997). As discussed in 
Chapter 2 of this thesis, re-oxidation of the metallic Co phase, sintering of the small 
Co catalyst particles, poisoning by sulphur and nitrogen compounds present in the 
synthesis gas, and resilient carbon deposition have been proposed to explain the 
deactivation of Co catalyst during FTS (Saib et al, 2010; Tsakoumis et al., 2010). 
 2 
Recent studies have provided increasing evidence that resilient carbon deposition is 
the dominant mechanism responsible for Co catalyst deactivation under realistic 
FTS conditions (e.g., Saib et al., 2006; 2010; Moodley et al, 2009; Tan et al., 2010).  
 
The objective of this thesis is therefore to first understand the mechanism 
responsible for the deactivation of Co catalyst under realistic FTS conditions. The 
deactivation of Co catalysts was studied using a combination of Density Functional 
Theory (DFT) and thermodynamic calculations, careful catalyst characterization, 
and by realistic reactor studies. Using the detailed understanding of the dominant 
deactivation mechanism developed in this part of the thesis, boron promotion was 
evaluated to enhance the stability of Co catalysts.  
 
Earlier studies in our group by Xu and co-workers (2006, 2009) had identified boron 
as an effective promoter to suppress carbon deposition on Ni catalysts during steam 
reforming (SR). Using a combination of DFT calculations and reactor studies, small 
amounts of boron were found to selectively block step and subsurface sites on Ni 
catalysts, and prevent the nucleation and growth of resilient carbon deposits at those 
sites. Preliminary studies in our group by Mok (2005) extended the idea of boron 
promotion to Co catalysts by a combination of DFT calculations and propane 
decomposition experiments. Using Thermal Gravimetric Analysis (TGA), a 10 wt% 
Co/γ-Al2O3 catalysts promoted with 1.0 wt% boron was found to remain active 
during propane decomposition, while the unpromoted reference catalyst rapidly lost 
its activity as shown in Figure 1.1. Based on the success of these initial studies, a 
detailed investigation was started, integrating DFT calculations, catalyst 
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characterization, and FTS reactor studies to confirm and understand the effect of 
boron promotion on the stability of Co catalyst under realistic FTS conditions. 
 
 
Figure 1.1. TGA profile showing the evolution of carbon deposits on boron 
promoted and unpromoted Co/γ-Al2O3 catalyst during propane decomposition. A 10 
wt% Co/γ-Al2O3 catalyst promoted with 1.0 wt% boron was found maintain its 
activity much better than the unpromoted reference catalyst (Mok, 2005). 
 
The structure of the thesis is as follows. In chapter 2, various mechanisms proposed 
for FTS and for catalyst deactivation during FTS are reviewed. In chapter 3, the 
computational and experimental methods used in this thesis are discussed in detail. 
In chapter 4, carbon induced deactivation of Co catalyst under realistic FTS 
condition is studied using a combination of DFT calculations and experimental 
methods. In chapter 5, the effect of boron promotion on the stability of Co catalyst 
under realistic FTS condition is elucidated, again by combining DFT and 
experimental studies. Finally, the main conclusions of this work are summarized in 
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LITERATURE REVIEW ON THE REACTION 
CHEMISTRY AND THE DEACTIVATION OF COBALT 
CATALYSTS IN FTS 
 
2.1 Introduction 
Fischer Tropsch Synthesis (FTS) is a catalytic reaction that converts a mixture of 
CO and H2, commonly termed as synthesis gas or syngas to various hydrocarbon 
products (linear alkanes and alkenes) which can be processed further to obtain diesel 
fuels or chemical feedstock. Syngas can be obtained from gasification of coal or 
biomass, and reforming of natural gas (methane) with steam. Due to availability and 
low cost, coal gasification has been used for the production of syngas. However, the 
process is inefficient as almost 50 % of its carbon is wasted by the formation of CO2. 
Steam reforming of methane from natural gas is preferable as the efficiency can 
reach as high as 70% (Overett et al., 2000). 
 
The FTS process was discovered by two German scientists, Franz Fischer and Hans 
Tropsch in the 1920s while working in the Kaiser Wilhelm Institute (Fischer and 
Tropsch, 1922). Following commercialization in 1930s, Germany started to produce 
liquid fuels using large reserves of its coal and achieved self sufficiency in 
transportation fuels. In 1938, there were nine FTS plants in operation with a 
combined capacity of 660x103 tons/year (Dry, 1987). During World War 2 (WW2), 
Germany relied principally on FTS to fuel its armies. Though these plants ceased to 
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operate after WW2, interest in FTS remained due to persistent perception that crude 
oil reserves are limited. However, the discovery of large reserves of crude oil in the 
Middle East made FTS uneconomical (Dry, 1987). In 1950, a FT plant that utilizes 
syngas from steam reforming of methane was built in Brownsville, Texas, with a 
capacity of 360x103 tons/year. However, it was short-lived as the high cost of 
methane forced a premature shut-down. During the same period, a FTS plant that 
utilizes coal was built in South Africa by Sasol. However, prior to its completion, the 
discovery of huge reserves of crude oil in the Middle East and the stabilization of 
crude oil prices made FTS uneconomical. Nevertheless, research in FTS process 
remained active in South Africa due to world oil embargo which stemmed from its 
governmental policies, and today, Sasol in South Africa remains the leading 
company in the commercialization and operation of FTS plants (Dry, 1996). 
 
Currently, FTS is enjoying a renaissance due to declining crude oil reserves and 
associated high oil price. As long as the price of crude oil is above USD 30/barrel, 
FTS is considered economical and cost effective (Patzlaff et al., 1999). New FTS 
plants were built in 1992 in South Africa by Mossgas which utilizes Sasol’s 
circulating fluidized bed FT reactor and in 1993 Bintulu, Malaysia by Shell. Both 
utilize syngas from steam reforming of methane. A number of oil companies are 
actively pursuing research in FTS with a few new plants under construction in 
Nigeria, in Qatar and in Shenghua and Yankuang in China. The impetus for FTS is 
further motivated by ever stringent environmental policies in fuel processing. The 
advantage of FTS fuels over conventional liquid fuels obtained from crude oil 
processing is the absence of sulfur compounds.  
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Although it has been over 90 years since its discovery, FTS remains a challenging 
and complex catalytic process. At the heart of the process are the mechanisms 
responsible for the formation of various hydrocarbon products, and the gradual 
deactivation of Co FTS catalysts under realistic operating conditions. The search for 
a suitable mechanism that may account for the complex product spectrum as well as 
being able to explain the deactivation phenomenon is still under investigation. This 
is made complicated by different preparation methods, different types of supports 
used and their morphologies, the presence of various promoters, the operating 
conditions as well as the type of reactor employed. Each variable could influence 
catalytic activity, selectivity and stability (Davis, 2001; Khodakov et al., 2007; 
Tsakoumis et al., 2010). In the following sections, we shall discuss these 














2.2 Fischer-Tropsch Mechanism 
For a reaction that utilizes simple inorganic molecules such as CO and H2 to form 
complex hydrocarbons, the chemical mechanism is still under investigation and 
heavily debated. Although the process converts CO and H2 into predominantly 
alkanes and alkenes, elucidating the dominant mechanism is not easy. Indeed, it is 
made complicated by several factors such as formation of oxygenates, which are 
minor compounds in FTS (Davis, 2001). Additionally, Fe, Co, Ni, Ru and Rh 
catalysts have been studied for FTS and the proposed mechanism on one catalyst 
may not be relevant to another. Furthermore, the types of catalyst support and 
addition of various promoters can influence the mechanism as well (Overett et al., 
2000; Khodakov et al., 2007). Despite these challenges, a detailed understanding on 
the mechanism is important for commercial and industrial reasons. Therefore, major 
mechanisms proposed to be responsible for hydrocarbon formation during FTS are 
discussed in this section.  
 
2.2.1 Carbide Mechanism 
The earliest mechanism to explain the formation of hydrocarbons was postulated by 
Fischer and Tropsch. It is called the carbide mechanism (Fischer and Tropsch, 
1922). Dissociation of CO was proposed to be the primary step, and since Fe 
catalysts has a tendency to form iron carbides, the latter was postulated to be the 
intermediate (Fischer and Tropsch, 1926; 1930). The surface carbon or carbide was 
assumed to be hydrogenated to methylene species, CH2 and these intermediates 
would polymerize to yield alkanes or alkenes. However, this idea was rejected by 
Browning and Emmett (1952). They cited inconsistency with thermodynamic data 
regarding the proposed hydrogenation of carbides at FTS conditions to produce 
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hydrocarbons. Similarly, this theory was also rejected by Pichler (1952) when no 
carbide phases were observed with Co and Ru catalysts.  
 
Kummer and co-workers (1948) studied hydrogenation of iron carbides and 
discovered that carbide hydrogenation only accounts for 8 – 30 % of CH4 formation. 
In their study, iron carbide was formed using radioactively labeled 14CO on a 
reduced Fe catalyst. After that, using unlabelled CO during FTS, the amount of 
14CH4 produced by direct hydrogenation on the preformed iron carbide can be 
determined. Their results suggests that only a small fraction of CH4 was formed via 
direct hydrogenation even though the study was conducted at low conversions to 
reduce formation of CH4 from hydrogenation of surface carbon. As a result of their 
study, hydrogenation of bulk metal carbide as a precursor to FT intermediate was 
rejected (Davis, 2001). Nevertheless, recent experimental studies suggested that 
metallic Fe evolves into Fe carbide, particularly Hägg carbide (χ-Fe5C2) and studies 
have shown that it is the active phase during FTS (Herranz et al., 2006; Bengoa et 
al., 2007). A recent DFT study by Cheng et al. (2010) on CO dissociation, C1 
hydrogenation and C-C coupling on Hägg carbide (χ-Fe5C2) also suggests that Fe 
carbides are more active than metallic Fe during FTS.  
 
2.2.2 Formation of Methylene (CH2) species 
Long chain hydrocarbons are postulated to form from polymerization of methylene 
monomers (Overett et al., 2000; Davis, 2001). Evidence for the polymerization of 
CH2 species as intermediates for chain propagation is documented in the classical 
work of Brady and Pettit (1980; 1981). In their study, ethylene was produced from 
decomposition of diazomethane over Ni, Pd, Fe, Co, Ru and Cu surfaces under 
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reaction conditions. According to Brady and Pettit (1980) ethylene was produced 
through coupling of methylene species, as depicted in Figure 2.1 below. 
 
 
Figure 2.1. Decomposition of diazomethane on metal surfaces to produce methylene 
species and followed by subsequent formation of ethylene (Brady and Pettit, 1980). 
 
When H2 was added to the mixture, a range of hydrocarbons were formed. Brady 
and Pettit (1981) suggest that methylene species, CH2 were hydrogenated to alkyl 
species, CH3 in the presence of H2. Higher hydrocarbons are formed through 
insertion of CH2 to CH3 via coupling of sp3 carbons, as depicted in Figure 2.2 below. 
 
 
Figure 2.2. Insertion of CH2 species for chain propagation (Brady and Pettit, 1981). 
 
2.2.3 The Alkyl Mechanism  
This mechanism was proposed by Brady and Pettit (1980; 1981) after studying the 
formation of ethylene from the decomposition of diazomethane over a range of 
transition metal catalysts (Ni, Pd, Fe, Co, Ru and Cu). Following the addition of H2 
to the mixture, hydrocarbons with similar distribution to FTS were produced. Based 
on these observations, Brady and Pettit (1980; 1981) proposed that CH3 were formed 
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through hydrogenation of surface CH2 with H. Growth occurs via continuous 
insertion of CH2 to CH3 and termination through β-hydride elimination, which 
involves the transfer of hydrogen atom from beta position on a ligand to the metal 




Figure 2.3. Initiation, chain growth and termination with the alkyl mechanism 
(Overett et al., 2000). 
 
Using ultrahigh vacuum (UHV) conditions, Stair and Kim (1998) investigated the 
surface chemistry of adsorbed methyl radicals on an oxygen modified Mo(100) 
surface. In their study, a Mo(100) surface with 0.9 ML of oxygen coverage was 
dosed with azomethane (CH3N2CH3) until saturation. During temperature 
programmed desorption (TPD) from 300 – 1000 K, the major product detected by 
their mass spectrometry was CH4, believed to be formed from hydrogenation of CH3 
species with H2. The methyl species decomposed from azomethane were also 
dehydrogenated to form H2, CH and CH2 species. The rest of the hydrocarbon 
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products with distribution close to Anderson-Schultz-Flory (ASF) are C2 to C5 α-
olefins. From these observations, Stair and Kim (1998) proposed that chain growth 
follows the alkyl mechanism with a growth probability of 30 % and termination at 
70 % from β-hydride elimination. 
 
2.2.4 The β-hydride Elimination Mechanism 
A number of studies suggest that linear α-olefins or 1-alkenes may be formed via the 
β-hydride elimination mechanism (Brady and Pettit, 1980; Rofer-DePoorter, 1981; 
Herrmann, 1982). This occurs through the transfer of hydrogen atom from beta 
position on a ligand to the metal center (Figure 2.4), forming a terminal double 
bond. Once the alkene is formed, it will desorb from the surface. 
 
 
Figure 2.4. The β-hydride elimination mechanism is used to describe the formation 
of α-olefin products during FTS (Overett et al. 2000). 
 
2.2.5 Formation of Linear Alkanes 
The primary products of FTS are linear alkanes and alkanes. While alkenes are 
formed via the β-hydride elimination mechanism to produce 1-alkenes (Figure 2.4), 
linear alkanes are produced from reduction of alkyl species with hydrogen on the 





Figure 2.5. Surface hydride reduction of alkyl chain for the formation of alkanes 
(Overett et al. 2000). 
 
2.2.6 CO Insertion and Hydrogen Assisted CO Activation Mechanism 
Long chain hydrocarbons produced during FTS is proposed to proceed via 
polymerization of CH2 species on the catalyst surface (Brady and Pettit, 1980, 
1981). This requires a sufficiently fast CO dissociation rate (van Santen et al., 2006) 
to produce high concentration of C or CH2 species on the catalyst surface. However, 
CO dissociation on Co(0001) and Co )0211( surfaces were reported to be 218 kJ/mol 
and 195 kJ/mol respectively (Ge and Neurock, 2006). Such high barriers may not be 
sufficiently fast to produce high concentrations of C or CH2 species. 
  
An alternative route to provide surface CH and CH2 species is via hydrogen assisted 
CO activation. This mechanism also acts as the initiation step for CO insertion 
mechanism (Pichler and Schulz, 1970) (Figure 2.6). In this mechanism, CO is 
hydrogenated to HCO and H2CO. This weakens the C-O bond, facilitating C-O 
scission to produce CH and CH2 species. Indeed, DFT calculations provides 
evidence that hydrogen assisted CO activation is faster than conventional CO 
dissociation on Co(0001) (Inderwildi et al., 2007; Cheng et al., 2008). To explain the 
formation of hydrocarbon during FTS, CO was proposed to insert into RCH2 groups 
rather than CH2 (Pichler and Schulz, 1970; Schulz and Deen, 1977). This omits the 




Figure 2.6. The CO insertion mechanism consists of an initiation step (a) and chain 
growth step (b) (Zhuo et al., 2009). 
 
However, CO insertion into RCH2 groups was calculated to have a high barrier of 
182 kJ/mol (Cheng et al., 2008). This lead Masters (1979) to propose CO insertion 
into RCH groups instead (Figure 2.7). Recent DFT calculations support this 
insertion, with a calculated barrier of only 80 kJ/mol (Zhuo et al., 2009). Combining 
hydrogen assisted CO activation and CO insertion into RCH group, Zhuo et al. 
(2009) proposed a propagation cycle whereby CO insertion is followed by two 
hydrogenation steps to produce a surface aldehyde, RCH2CHO. Following a C-O 
bond scission to produce RCH2CH, CO is inserted again. Termination occurs when 
RCH2CH is hydrogenated.  
 
Experimental support for this mechanism is mainly from Emmett et al. (1951; 1953; 
1957; 1959; 1960) using labeled 14C-tracer studies. Emmett and co-workers found 
that when 14C-labelled alcohol or alkene was added together with syngas during 
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reaction, chain growth occurred. Although their studies were conducted at 
atmospheric pressure, experimental results obtained by Davis (2001) at medium to 
high pressure FTS conditions corroborated with Emmett’s earlier studies.  
 
 
Figure 2.7. Proposed chain growth via CO insertion into RCH groups (Zhuo et al., 
2009). 
 
2.2.7 The Alkenyl Mechanism  
The alkenyl mechanism was proposed by Maitlis et al. (1999). It involves 
polymerization of methylene species which are produced from dissociative 
chemisorption of syngas followed by hydrogenation of carbides on the metal 
surface. Formation of vinyl (CHCH2) on the catalyst surface is the primary step 
(Figure 2.8). Next, coupling occurs between CH2 and CHCH2 to form a h1-allyl 
(CH2CHCH2) species. Isomerization of the η1-propenyl on the catalyst surface is 
necessary to allow continuous addition of sp2 carbon to sp3 carbon. Such 
rearrangement is not unique. It has been reported on isolated metal complexes 
(Deeming et al., 1971; Wang and Cowie, 1995). Following isomerization, CH2 is 
added to η1-propenyl and chain growth occurs by repeating the above process. 
Termination occurs when the surface alkenyl is hydrogenated to 1-alkene without 
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invoking the β-hydride elimination mechanism. 
 
For simplicity, the alkenyl mechanism shown in Figure 2.8 is limited to linear α-
olefins. For branched products, η1-CH2CH=CHR has to rearrange to                       
η
1
-CHRCH=CH2 and following rearrangement, CH2 is added at the tertiary alkenyl 
carbon of η1-CR=CH-CH3. However, because of steric reasons, addition of CH2 to 
the tertiary alkenyl will be inhibited and that explains why branched products are 
formed in low concentrations. 
 
 
Figure 2.8. Catalytic cycle for the formation of alkenes (alkenyl mechanism) for the 
polymerization of surface methylenes involving surface alkenyls (Maitlis et al. 
1999). 
 
According to Maitlis et al. (1999), C-C coupling between sp3 orbitals in cis 
coordination on transition metal has high barriers because the highly directional sp3 
orbitals has to rearrange to form C-C bond and DFT results studying C-C coupling 
on step and terrace Ru surface appears to agree with Maitlis et al. (1999) observation 
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(Liu and Hu, 2002). On the other hand, C-C coupling between sp2 orbital and sp3 
orbital is easily facilitated (Evitt and Bergman, 1980) and DFT results on the 
coupling of RCH with CH2 on Co(0001) surface produced the lowest barrier among 























2.3 Catalyst Deactivation 
2.3.1 Introduction 
According to van Berge et al. (2001), supported Co catalysts have to be studied for 
extended duration under industrially relevant conditions in order to understand the 
activity, selectivity, performance and stability of the catalyst in FTS. The data 
obtained from such studies are relevant for industrial and commercial applications.  
 
For example, van Berge and Everson (1997) studied the deactivation of supported 
Co catalysts in a pilot plant Continuously Stirred Tank Reactor (CSTR) for 30 days. 
In that duration, they were able to identify two deactivation phases (Figure 2.9). 
According to van Berge and Everson (1997), the initial deactivation (Profile A) is a 
conditioning phase and is related to reversible deactivation. This conditioning phase 
has also been attributed to further reduction and restructuring of the metallic Co 
catalysts (Tan et al., 2010; Tsakoumis et al., 2010). The slower deactivation phase 
(Profile B) is related to irreversible deactivation and is the focus of much research 
(Khodakov et al., 2007; Saib et al., 2010; Tsakoumis et al., 2010). This slower 
deactivation phase is important from an operational perspective.   
 
The existence of dual deactivation regimes in the syngas conversion profile for Co 
catalysts in Figure 2.9 indicates that several mechanisms may be responsible in 
deactivating the catalyst. A number of studies have identified these mechanisms as 
re-oxidation of metallic cobalt, formation of cobalt aluminate, deposition of resilient 
carbon species, surface restructuring, sintering, poisoning or a combination of the 











Figure 2.9. Deactivation profile for a supported Co catalyst in a pilot plant CSTR 
under industrially relevant FTS conditions (220 °C, H2:CO =2, P = 20 bar) (van 











2.3.2 Catalyst Re-oxidation 
Numerous research have shown that the active cobalt metal phase can be re-oxidize 
to the inactive cobalt oxide (Co3O4 and CoO) phase during FTS (Hilmen et al., 
1999; van Berge et al., 2000; Storsæter et al., 2005).  Several recent reviews 
(Blekkan et al., 2007; Dalai and Davis, 2008) have also cited the effects of water in 
inducing re-oxidation of Co catalysts during FTS. This is because water which is a 
main product of the reaction between surface oxygen with hydrogen, may result in 
surface oxidation of Co particles. Nevertheless, the re-oxidation mechanism is still 
frequently debated due to contrasting experimental results. Generally, proponents of 
re-oxidation have employed high water partial pressures in their studies to support 
their claims. However, recent studies appear to indicate that re-oxidation may not be 
a viable deactivation source, especially under industrially relevant conditions (van 
de Loosdrecht, 2007; Saib et al., 2006; van Steen et al., 2005).  
 
According to thermodynamic calculations by van Berge et al. (2000), re-oxidation of 
bulk cobalt to cobalt oxides (CoO or Co3O4) is unfavorable under industrial FTS 
conditions (pH2/pH2O = 0.5 – 3.0). Although formation of cobalt aluminate is 
favorable, it is kinetically hindered under industrial FTS conditions. It appears that 
Co particle size may influence the effects of re-oxidation as recent thermodynamic 
calculations suggest that particles less than 4.5 nm is susceptible to re-oxidation (van 
Steen et al., 2005). 
 
On the other hand, Saib et al. (2006) could not detect signs of re-oxidation for 
Co/Al2O3 catalysts. In their study, Co/Al2O3 catalysts were removed from a Slurry 
Bubble Column Reactor (SBCR) after 100 days on stream for characterization. 
Samples were carefully removed from the reactor under inert conditions to prevent 
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possible re-oxidation of the catalysts. Following that, characterization with X-ray 
Absorption Near Edge Spectroscopy (XANES) found no traces of re-oxidation 
during FTS. On the contrary, their results suggested a strongly reducing environment 
in FTS in which CoO continues to convert to metallic Co and only stabilized after 
90 days on stream. Additionally, no signs of re-oxidation (surface or bulk) were 
observed for Co with particle size of 6 nm during industrially relevant FTS 
conditions. However, particle size smaller than 6 nm is sensitive to re-oxidation.  
 
In order to confirm the absence of re-oxidation for Co catalysts at industrially 
relevant FTS conditions as observed by Saib et al. (2006), researchers at Sasol 
prepared Co model catalysts by spin coating Co solution to a pre-oxidized 
SiO2/Si(100) wafer. This method produced Co catalysts with particle sizes of 4 – 5 
nm after reduction in hydrogen (Saib et al., 2006). Using In-situ Near Edge X-ray 
Adsorption Fine Structure (NEXAFS) to study the model catalyst at relevant FTS 
conditions (Ptotal = 0.4 mar,  pH2/pH2O = 1, T = 150 – 400 °C), no signs of surface 
re-oxidation were detected. When hydrogen flow was terminated, followed by a high 
water partial pressure environment, the Co surface started to re-oxidize at 450 °C. 
This controlled study clearly indicates that re-oxidation does not occur during FTS. 
Using newer published results (Swart, 2008; Bezemer et al., 2006; Elbashir et al., 
2005), Saib et al. (2010) propose that Co with particle size larger than 2 nm should 
be insensitive to the effects of re-oxidation under industrially relevant FTS 
conditions. This observation is further supported by recent studies that re-oxidation 
is not significant on Co catalysts which are larger than 5 nm under realistic FTS 
conditions (T = 220 °C, H2:CO = 2, Ptotal = 20 bar) (Karaca et al., 2011). 
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2.3.3 Formation of Cobalt Aluminate Species 
The presence of water may accelerate the formation of cobalt aluminate even though 
its formation is kinetically hindered under industrially relevant FTS conditions. Li et 
al. (2002) and Jacobs et al. (2002; 2003) have observed the presence of cobalt 
aluminate when high water partial pressures were employed or under model 
conditions in mixtures of H2/H2O during FTS. Formation of cobalt aluminate will 
lead to deactivation because it is irreducible and is formed at the expense of the 
active metallic Co phase. 
 
According to Burgt and Ansorge (1988), formation of cobalt aluminate proceeds via 
cobalt oxide, CoO, as an intermediate. Sirijaruphana et al. (2003) reported that 
supports such as alumina can undergo hydration in the presence of water. The 
hydrated alumina will enhance the diffusion of small cobalt oxide (CoO) particles 
that interact strongly with the alumina support to form irreducible cobalt aluminate. 
This is particularly enhanced during extended exposure to water vapor and may 
account for the large amounts of cobalt aluminate formed when Co/Al2O3 catalysts 
are exposed to high water partial pressures.  
 
On the other hand, studies by Moodley et al. (2008) indicate that the formation of 
cobalt aluminate does not correlate directly with re-oxidation effects or with the 
observed deactivation during FTS. Utilizing XANES to study the formation of 
cobalt aluminate on Co/Al2O3 catalysts in a SBCR, Moodley et al. (2008) found less 
then 3 wt% of cobalt aluminate was formed during FTS. Although the catalysts were 
observed to undergo rapid reduction in FTS, cobalt aluminate was reported to form 
gradually. However, the aluminate is postulated to form from residual cobalt oxide 
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present in the catalyst following reduction because when higher water partial 
pressures were used (10 bar) during FTS, the amount of aluminate formed from 
cobalt oxide increased to 10 % with no corresponding reduction in the metallic Co 
species.  
 
2.3.4 Formation of Carbonaceous Deposits 
Surface CHx species are postulated to be formed from hydrogenation of surface CO 
to HCO or HCO to H2CO followed by dissociation of HCO to produce CH and 
H2CO to produce CH2 species (Inderwildi et al., 2007; Zhuo et al., 2009). 
Considered an intermediate species, it can be converted to FTS products through 
further hydrogenation or via C-C coupling. Over time, a more stable and resilient 
species may formed (Moodley et al., 2009) and these types may affect the catalyst 
activity. Recent studies have indicated that certain types of carbon, such as surface 
carbide or polyaromatic carbon, may have detrimental effects on the catalysts 
(Moodley et al, 2009; Tan et al., 2010).  
 
Since small amounts (< 0.5 wt % by mass) may readily deactivate the catalysts and 
the presence of wax on the catalyst surface produced during FTS may interfere with 
post characterization, carbon induced deactivation is not easily characterized on Co-
based FTS catalyst (Moodley et al., 2010). To add to the difficulty in 
characterization, not all carbon is detrimental to the activity of the catalysts. Only 
those which interact irreversible with the Co active sites are considered detrimental 




2.3.5 Formation of Bulk Carbide 
Bulk cobalt carbide was postulated to be a reaction intermediate by Fischer and 
Tropsch (1922). However, later studies suggest that metallic Co is the active phase 
(Weller, 1948; Browning and Emmett, 1952) instead of bulk cobalt carbide. 
Nevertheless, some studies did report the detection of cobalt carbide, Co2C (Ducreux 
et al., 1998; Karaca et al., 2009) even though the probability of its formation is 
remotely low for Co-based FTS.  
 
According to Agrawal et al. (1981), bulk cobalt carbide as well as graphitic carbon 
were detected with Atomic Emission Spectroscopy (AES) on Co/α-Al2O3 catalysts 
after CO hydrogenation, but it was Ducreux et al. (1988) that provided a direct link 
between the formation of bulk cobalt carbide on Co-based FTS catalysts and its 
deactivation. Using in situ XRD, Co catalysts supported on Al2O3 and TiO2 were 
studied for FTS at 230 °C, H2:CO = 9 and Ptotal = 3 bar. According to Ducreux et al. 
(1988), supported Co catalysts deactivated slowly. At the same time, new diffraction 
peaks corresponding to cobalt carbide, Co2C were detected, thus pointing to a 
plausible deactivation induced by formation of cobalt carbide.  
 
Others have also reported on the existence of cobalt carbide, Co2C during FTS. 
Jacobs et al. (2002) reported the formation of Co2C using in situ XRD for a 15 wt% 
Co/Al2O3 catalyst operated in a CSTR under FTS conditions of 220 °C, H2:CO = 2 
and Ptotal = 18 bar. After 1000 hours on stream in a FBR at FTS conditions of 220 
°C, H2:CO = 2 and Ptotal = 20 bar, Tavasoli et al. (2008) also reported formation of 
Co2C. Nevertheless, bulk cobalt carbide was not detected by Moodley et al. (2009) 
and Tan et al. (2010) for Co/Al2O3 catalysts at comparable reaction conditions.  
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2.3.6 Formation of Subsurface Carbon 
The stability of subsurface carbon has been studied by both Klinke et al. (1998) on 
Co(0001) surface and by Tan et al. (2010) on Co(111) surface. According to Tan et 
al. (2010), subsurface carbon was calculated to be stable only at low coverage under 
FTS conditions. The octahedral site was calculated to be the most stable geometry. 
Carbon atom will occupy the octahedral site and will have three metal atoms at the 
top and bottom layers as neighbors. According to Saib et al. (2010), the presence of 
subsurface carbon on Co may also contribute to catalyst deactivation since such 
surface is not active for FTS. This is supported by recent DFT calculations that 
cobalt carbide is less active than metallic cobalt during FTS (Cheng et al., 2010). 
 
2.3.7 Formation of Carbon Oligomers as Precursors to Polymeric Carbon 
According to Swart et al. (2008; 2009), the formation of CHx species which are FTS 
products will reduce under conditions in which H2 is either reduced or depleted. In 
such situations, atomic carbon may undergo C-C coupling to form small carbon 
oligomers. Over time, these active carbon species may gradually change to more 
stable oligomeric species, such as polymeric carbon (Moodley et al., 2009) or 
graphitic carbon (Swart et al., 2009, Tan et al., 2010).  
 
Indeed, using Temperature Programmed Hydrogenation (TPH), Moodley et al. 
(2009) reported the gradual accumulation of resilient carbon deposits on Co/Al2O3 
catalysts over a 6 months period in a SBCR. From their TPH profile, these resilient 
carbon species were reported to be polymeric and amorphous in structure, seen as 
peak 3 in Figure 2.10. Using Energy Filtered Transmission Electron Microscopy 
(EFTEM), these polymeric and amorphous carbon species were found on both the 
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metal and alumina support. Moodley et al. (2009) suggest that carbon is deposited 
on the metal site, followed by nucleation and migration to the support. It was 
suggested that the long term deactivation of the catalyst is due to gradual 
accumulation of polyaromatic carbon. 
 
 
Figure 2.10. Evolution of CH4 with peak deconvolution during TPH for a wax 
extracted Co/Al2O3 catalyst after 180 days on stream in a SBCR (230 °C, H2:CO = 2 
and Ptotal = 20 bar) (Moodley et al., 2009). 
 
Using DFT methods, Swart et al. (2008) computed the C-C coupling of atomic 
carbons on a Co(111) surface. In this study, oligomeric species were computed to be 
energetically more stable in comparison to individual atomic carbons. Therefore, 
atomic carbons undergo C-C coupling to form polymeric or graphitic species which 
are more stable. These structures were proposed to cause deactivation due to 
geometric blocking. Carbon oligomers become more stable with increasing number 
of carbon atoms but stabilize at about four carbon atoms (Figure 2.11). Aromatic 




Figure 2.11. A few small carbon oligomers on Co(111) surface. Trimers (3C-fhf: 
indicates that two carbon atoms are on the fcc site with a single carbon atom on the 
hcp site; 3C-hfh: indicates two carbon atoms on the hcp site with a single carbon 
atom on the fcc site) and a four carbon linear tetramer (Swart et al., 2008). 
 
Swart et al. (2009) also proposed the formation mechanism for graphene on Co(111) 
surface. Adsorbed carbon has high mobility on Co surface. These atomic carbons 
will undergo C-C coupling to form linear and branched structures, although the 
former is energetically more stable. At high coverage, these species will form 
aromatic structures through C-C coupling, and finally to stable graphene structures. 
Formation of stable graphene structures on Co surface under realistic FTS conditions 
were also investigated by Tan et al. (2010). In their study, step/defect sites were 
proposed to be important nucleating centers for the formation of graphitic carbon on 
a stepped Co (111) surface. This is consistent with recent DFT study elucidating the 
growth of graphitic carbon from a stepped Co(211) surface (Ramírez-Caballero et 
al., 2009).  
 
2.3.8 Carbon Induced Surface Reconstruction 
The surface structure of Co catalyst changes during FTS. This may lead to different 
catalytic behavior (Tsakoumis et al., 2010). As surface reconstruction during FTS 
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will alter the nature of the active sites, there will also be activity variations. Some of 
these changes could result in certain facets of the surface being more susceptible to 
the effects of deactivation. According to Somorjai and van Hove (1989), CO, O, N, 
S and C may induce such changes.  
 
Using Scanning Tunneling Microscopy (STM), Wilson and de Groot (1995) studied 
the effects of CO hydrogenation on Co(0001) single crystal at conditions of 250 °C, 
H2:CO = 2 and Ptotal = 4 bar. After exposure to syngas at reaction conditions, the flat 
surface of Co(0001) underwent restructuring as depicted in Figure 2.12. Using 
Polarization Modulation-Reflection Absorption Infrared Spectroscopy (PM-RAIRS), 
Beitel et al. (1996; 1997) also reported the existence of surface reconstruction under 
CO environment. 
 
According to Tsakoumis et al. (2010), surface restructuring is reported indirectly 
because direct detection of surface reconstruction for industrial scale catalysts is not 
easily detected. For example, Schulz et al., (2002; 2003) proposed that there could 
be a conditioning or induction period during initial reaction. After a period of 
stabilization in FTS environment, an active FTS structure which is the “true 
catalyst” will emerge. 
 
This hypothesis was tested for three Co/SiO2 catalysts promoted with Re, Pt and Ir 
under FTS conditions of 190 °C, H2:CO = 1.9 and Ptotal = 5 bar. When CO 
conversion was plotted against time (in logarithmic scale), the profile showed three 
different kinetic phases (Figure 2.13). A threefold increase in activity over a few 
days on stream suggests a slow restructuring of the Co surface. This restructuring 
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forms a larger and irregularly shaped surface with sites of different coordination 
numbers, some which are labeled as planes, holes or even peaks. These “new” sites 
may be responsible for CO dissociation, hydrogenation and hydrocarbon formation 
during FTS (Schulz et al., 2002).  
 
 
Figure 2.12. STM image for a clean Co(0001) surface before exposure to syngas (a) 




Figure 2.13. CO conversion as a function of time (logarithm scale) with three 
different promoted Co/SiO2 catalysts under FTS conditions of 190 °C, H2:CO = 1.9 
and Ptotal = 5 bar (Schulz et al., 2002). 
 
Recent DFT simulations on surface restructuring was also reported by Ciobîcă et al. 
(2008) for Co(111) and Co(100) surfaces. From their simulation results for 
chemisorbed O, CO, CH2, CH and C, only carbon is able to induce surface 
restructuring on Co(111) surface by converting it to Co(100) surface. Further 
calculations also suggests that carbon may induce a p4g clock type reconstruction on 
the Co(100) surface, which was similarly observed on Ni(100) (Onuferko et al., 
1979; Klink et al., 1993).  
 
2.3.9 Effects of Sintering 
Sintering of supported metal catalysts may result in deactivation (Fuentes and 
Gamas, 1991). It consists of rearrangement of the crystallite size distribution and is 
may be accompanied by drop in activity, and possibly changes in selectivity. The 
process is thermodynamically driven to minimize the surface energy of the 
crystallites. Most common techniques to study sintering are XRD, TEM and H2 
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chemisorption. Lately, NEXAFS and Anomalous Small Angle X-ray Scattering 
(ASAXS) is also used in studying the effects of sintering (Saib et al., 2010)  
 
There are two main mechanisms to sintering. Surface migration of adatoms is 
probably the most widely considered source of sintering, it is the so-called Ostwald 
ripening mechanism (Fuentes and Gamas, 1991). The other mechanism is crystallite 
migration. It occurs when crystallites migrate on the catalyst’s surface; collide with 
each other and coalescence to form larger crystallites (Tsakoumis et al., 2010). 
According to Bartholomew (2001), high temperatures and water vapor 
(hydrothermal conditions) can accelerate sintering on Co catalysts. In general, 
sintering is believed to be an irreversible process and leads to catalyst deactivation. 
However, Saib et al. (2010) used a reduction-oxidation-reduction (ROR) sequence to 
enable supported Co catalyst to regain dispersion similar to pristine catalysts. 
Although the ROR process may enable treated catalyst to regain similar initial 
activity, it has been observed, but not always, that the deactivation rate is usually 
faster. This is because a bimodal particle size distribution occurred following 
regeneration, creating particles which are much smaller than the freshly reduced 
catalysts and these smaller particles are susceptible to re-oxidation during FTS (Kiss 
et al., 2003; 2009). 
 
The effects of sintering can be pronounced during FTS, as it is a highly exothermic 
reaction. As such, selection of reactors is important to ensure isothermal conditions. 
In general, fixed bed reactors are easy to operate and construct but poor heat transfer 
may allow hot spots to develop in the catalyst bed. This leads to sintering (Dry, 
2004). Elimination of hot spots are easily mitigated through proper engineering 
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designs, good process controls, sufficient diluent for the catalyst bed, and the usage 
of multi-tubular fixed bed reactors to improve heat transfer (Geerlings et al., 1999). 
Typically, SBCR is preferred over fixed bed reactor because high heat transfer on the 
slurry side ensures almost isothermal conditions in the reactor, therefore eliminating 
hot spots that may lead to catalyst sintering (Maretto and Krishna, 1999). Another 
advantage in using slurry reactors is that deactivated catalysts can be removed 
periodically and replaced with fresh catalysts. Unlike operations in a fixed bed 
reactor, complete shut down is necessary to remove deactivated catalysts. 
 
Fischer and Tropsch (1922) proposed that sintering may explain the observed 
deactivation during FTS. A few studies suggested that promotion with magnesium 
may reduce the effects of sintering (Jager and Espinoza, 1995; Casci et al., 2009). As 
stated earlier, hydrothermal conditions can accelerate sintering. The addition of 
water between 4 – 8 bar during FTS at 210 °C resulted in irreversible activity loss 
for a Rh promoted Co catalyst (Bertole et al., 2002). The CO adsorption capability 
was also reduced; further supporting the hypothesis that sintering resulted in the loss 
in active surface area of the catalyst. When Co/SiO2 catalysts were studied for FTS 
at 220 °C, 35 bar total pressure and 10 bar of steam, Kiss et al. (2003) observed 
enlargement of Co particle size from 5 to 11 nm. Similarly, Shi et al. (2007) also 
indicated that the observed deactivation for silica supported Co/ZrO2 catalyst 
operated at 200 to 210 °C, 20 bar and H2:CO ratios of 1 – 3 was due to sintering 
when water was added.  
 
Moodley et al. (2009) also reported sintering for Pt promoted Co/Al2O3 catalysts. 
The catalysts were operated in a SBCR at industrially relevant conditions of 230 °C, 
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20 bar and H2:CO ratio = 2. After 20 days, the catalysts were removed and observed 
with TEM. According to Moodley et al. (2009), grape like features which were 
present on the freshly reduced catalysts were noticeably absent on the spent catalyst 
(Figure 2.14). Particle size also increased from an average of 9.5 nm for the freshly 
reduced catalyst to 15 nm for the spent catalysts.  
 
 
Figure 2.14. TEM image for a Co/Al2O3 catalyst after reduction in H2 and prior to 
FTS (left) and a spent catalyst after 20 days of FTS at 230 °C, H2:CO =2 and Ptotal = 
20 bar (right) (Saib et al., 2006). 
 
Sintering of Co/Al2O3 catalysts under realistic FTS conditions (220 °C, H2:CO = 2, 
Ptotal = 20 bar) was also reported by Karaca et al. (2011) recently using in situ XRD. 
According to their studies, sintering was observed on Co catalyst regardless of their 
particle size. For particles larger than 5 nm, sintering occurred with or without the 
addition of water during FTS. For particles smaller than 5 nm, minor re-oxidation 
was observed when water was added. However, sintering continued even without 





2.3.10 Sulphur and Nitrogen Poisoning 
Syngas derived from coal or biomass gasification may contain sulphur. Certain 
corrosion inhibitors added to the reactor system may also have traces of sulphur. 
Sulphur poisoning is an important issue during FTS as sulphur binds irreversibly to 
Co catalysts and causes deactivation. According to Bartholomew (2001), sulphur 
binds strongly to the active sites of a catalyst and may induce electronic changes to 
neighboring atoms or simply block the active site. For Co catalysts in FTS, the 
poisoning effect is geometric rather than electronic modification (Saib et al., 2010). 
Agrawal et al. (1981) reported that a single sulphur atom has the potential to poison 
more than two Co atoms. DFT simulations also indicate that sulphur has a large 
binding energy to Co surface (Saib et al., 2010). It is not surface specific at dilute 
concentrations but due to its sheer size, sulphur may poison adjacent Co sites (Saib 
et al., 2010). Fischer and Tropsch (1922) suggested that sulphur concentration 
should not exceed 1 – 2 mg/m3 but in today’s application, these limits are kept below 
0.02 mg/m3. Installation of ZnO or PbO guard beds to clean synthesis gas feed can 
remove sulphur compounds (Rostrup-Nielsen et al., 1984). Syngas derived from 
natural gas usually has sulphur removed in the reformer section. 
 
Nitrogen compounds such as NH3, HCN and NOx may also poison Co catalyst 
during FTS. According to van Berge et al. (2000), NH3 and HCN have an immediate 
effect in poisoning Co catalyst during FTS. Nitrogen poisoning is believed to be 
competitive, and therefore reversible. A mild in situ hydrogen treatment may enable 
100 % recovery of the catalyst activity (Tsakoumis et al., 2010). A synthesis gas 
washing step incorporating an aqueous ferrous sulphate solution may reduce these 
impurities through absorption (Burgt and Ansorge, 1988). 
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2.4 Enhancing the Stability of FTS Cobalt Catalyst 
Both Co and Fe-based catalysts are used in FTS, but Co-based catalysts are more 
expensive. For economical reasons, Co-based catalysts need to be stable, have long 
life span and well-dispersed on an oxidic support to increase performance (Saib et 
al., 2006). Since supported Co catalysts deactivate slowly under industrially relevant 
FTS conditions (van Berge and Everson, 1997), it is important to address the 
stability of the catalyst for long term operation.  
 
2.4.1 Boron Promotion 
Carbon deposition was extensively studied for Ni catalysts and a number of 
promoters have been proposed to enhance their stability during SR (Rostrup-
Nielsen, 1984; Beengaard et al., 2002; Besenbacher et al., 1998; Choi et al., 1998; 
Xu and Saeys, 2006; Chen et al., 2005). One of the earliest proposals is the addition 
of small amounts of sulfur compounds to the hydrocarbon feed, industrially 
implemented in the Sulfur PAssivated ReforminG (SPARG) process (Rostrup-
Nielsen, 1984). The addition of small amounts of sulfur compounds was found to 
reduce the deactivation rate more than it affects the activity during SR (Rostrup-
Nielsen, 1984). Detailed studies indicate that sulfur atoms bind strongly to step-
edges and hence reduce the number of nucleation sites for the growth of graphitic 
carbon (Abild-Pedersen, 2005). More recently, Au (Beengaard et al., 2002), Sn 
(Choi et al., 1998) and B (Xu and Saeys, 2006; Chen et al., 2005) have been 
proposed as promoters to enhance the stability of Ni catalysts during steam 
reforming. The relative stability of boron and carbon at different adsorption sites 
was calculated to be similar, and boron atoms were proposed to block the nucleation 
of resilient carbon deposits (Xu and Saeys, 2006). Experimentally, the addition of 
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1.0 wt% boron to a 15 wt% Ni/γ-Al2O3 catalyst was found to reduce the first order 
deactivation rate coefficient by a factor of 3 and the amount of deposited carbon by 
80 %, without affecting the initial catalyst activity during methane SR (Xu et al., 
2009).  
 
Similarly using DFT, two forms of carbon species, a surface p4g clock carbide and 
graphene, were identified to be very stable on a Co surface during FTS. 
Experimentally, two forms of deposited carbon were also distinguished after 200 
hours of FTS (Tan et al., 2010). DFT calculations indicate that boron and carbon 
display similar chemisorption characteristics on a Co surface, and boron could 
selectively block the deposition of resilient carbon deposits (Saeys et al., 2010). 
Experiments indicate that the addition of 0.5 wt% boron to a 20 wt% Co/γ-Al2O3 
catalyst reduced deactivation 6-fold without affecting activity and selectivity during 
FTS (Tan et al., 2011). Therefore, boron was proposed as a promoter to enhance the 
stability of Co catalyst in FTS.   
 
2.4.2 Noble Metal Promotion 
A few studies reported the positive effects of noble metal promotion in suppressing 
carbon formation on Co catalysts during FTS. For example, promotion with Ru can 
retard carbon deposition while increasing activity, selectivity, dispersion and 
reducibility of the catalyst (Bowman and Bartholomew, 1983). Iglesia et al. (1994) 
reported that Ru can inhibit carbon deposition during FTS. A Ru promoted Co/TiO2 
catalyst operated in a fixed bed reactor during FTS at 200 °C, H2:CO = 2.05 and 
Ptotal = 20 bar showed no signs of carbon deposition, even at high temperatures of 
500 °C while filamentous carbons enveloped the unpromoted Co/TiO2 catalyst at 
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400 °C. However, both the unpromoted and Ru promoted Co catalyst displayed 
similar long term deactivation profiles, indicating that the effects of Ru in inhibiting 
carbon deposition is only applicable at the initial deactivation stage. High cost in 
comparison to Co and Fe-based catalysts as well as limited supply makes Ru-based 
catalysts unsuitable for large scale FTS (Dry, 1987).  
 
2.4.3 Alkali Metal Promotion 
Apart from noble metals, addition of alkali metal has also been reported to reduce 
the deposition of deleterious carbon on the catalyst surface. The effects of K addition 
to model catalysts have been studied by Somorjai and Lahtinen (1998). The authors 
used polycrystalline Co foils promoted with K and studied the catalysts in syngas 
conditions of 250 °C, H2:CO = 3 and Ptotal = 1.01 bar, followed by characterization 
with AES. According to the authors, K promotion reduced the formation of graphitic 
carbons. However, there was an apparent shift in hydrocarbon selectivity towards 
C3+. 
 
2.4.4 Carbon suppression with Supercritical Fluid 
Besides promoters, supercritical fluids have been proposed as an effective solvent in 
suppressing carbon deposition in FT reactors. Due to the excellent mass transfer 
characteristics of supercritical media, they are believed to inhibit the accumulation 
of heavy hydrocarbons that may deactivate the catalyst (Abbaslou et al., 2009). 
Multifunctional catalysts for FTS were also recently developed. They have cracking 
ability that enables high molecular weight hydrocarbons to undergo hydrocracking 
to produce isoparaffins which are easily desorb from the catalyst. In addition, the 
catalysts are encapsulated in a H-β zeolite shell which prevents the accumulation of 
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heavy hydrocarbons (He et al., 2006; Li et al., 2009). All these factors contribute to a 




























2.5 Regenerating Spent FTS Cobalt Catalyst 
Researchers from Sasol have tried to regenerate spent Co catalysts after FTS to 
reverse the primary deactivation mechanisms, which are proposed to be sintering 
and carbon deposition (Saib et al., 2006; 2010; Moodley et al., 2009). After 56 days 
on stream in a SBCR, the wax protected spent catalysts were subjected to wax 
removal with heptane at 100 °C. Following wax removal, the spent catalysts were 
subjected to an oxidation step in a fluidized bed calcination unit using an air/N2 
mixture. The spent catalysts were heated to 300 °C and held at that temperature for 6 
– 8 hours. To control the exotherm, an O2/N2 mixture was used and the concentration 
of O2 was raised slowly from 3 – 21 %. Following oxidation, the catalysts were 
reduced at 425 °C for 15 hours under pure hydrogen in a fluidized bed reactor. 
Finally, the reduced catalyst was offloaded into wax. 
 
Following the above oxidative and regenerative treatment, the catalysts were studied 
in a lab-scale CSTR to determine the activity. Approximately 200 g of paraffin wax 
together with 15 g of reduced catalyst were offloaded into the CSTR. It was then 
subjected to FTS conditions of H2:CO = 2 and Ptotal = 20 bar (Saib et al. 2006; 
Moodley et al. 2009). Figure 2.15 show that following the regenerative procedure, 
the spent catalyst recovered its activity completely (red dot in Figure 2.15). Further 
testing indicates that the regenerated catalysts have comparable activity with the 
pristine catalyst. Later, the regenerated catalyst was withdrawn from the CSTR, wax 
extracted and characterized with TEM, TPO and XRD methods to understand the 




Figure 2.15. Normalized activity for a Pt promoted Co/Al2O3 catalyst under 
industrially relevant FTS condition (230 °C, H2:CO = 2, Ptotal = 20 bar). Red circle 
indicates recovered activity of spent catalyst after regenerated by an oxidative and 
reductive treatment (Saib et al. 2010). 
 
TEM images for the spent Co/Al2O3 catalyst after 56 days on stream in a lab scale 
CSTR is compared with the regenerated catalyst (Figure 2.16). The images for the 
spent Co/Al2O3 catalysts show some large crystallites, which may be attributed to 
sintering. The grape like features which were observed on a pristine Co/Al2O3 
catalyst is also noticeably absent (Figure 2.14). Nevertheless, following an oxidative 
and regenerative procedure, the grape like features containing smaller Co crystallites 
was visible again and they are comparable to the structures observed on the pristine 
catalyst found in Figure 2.13. The reappearance of this grape like features on the 
regenerated Co/Al2O3 strongly points to a redispersion process, enabling the 







Figure 2.16. TEM images for catalyst after 56 days in FTS (left) as compared to the 
same catalyst following regenerative procedure (right) (Saib et al. 2010). 
 
In order to quantify and identify the nature of deleterious carbon on the spent and 
regenerated Co/Al2O3 catalysts, both catalysts were subjected to TPH at 350 °C, 
followed by TPO. According to Moodley et al. (2009) pretreatment with TPH at   
350 °C is able to remove large fractions of deposited carbon from the catalyst 
surface. However, the more resilient species will remain and these types are 
postulated to deactivate the catalyst by blocking its active sites. Subjecting the 
catalysts to TPO after TPH will remove these deleterious carbons.   
 
Figure 2.17 compares the evolution of CO2 when both catalysts were subjected to 
TPO. Clearly, the amount of CO2 following the regeneration procedure removed a 
large fraction of resilient carbon species which are postulated to be responsible for 
catalyst deactivation.  
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Figure 2.17. Evolution of CO2 from a spent catalyst after 56 days in FTS as 
compared to the same catalyst following regeneration (Moodley et al. 2009). 
 
The oxidative and reduction procedure employed by researchers at Sasol to 
regenerate FT Co catalyst has proven to be effective in recovering FT activity for the 
spent catalysts. It is able to reverse the effects of carbon deposition, carbon induced 
reconstruction and sintering (Moodley et al., 2009; Saib et al., 2010) Their 
characterization with TPH, TPO and TEM confirms these experimental results. 
However, Kiss et al. (2009) have observed that while redispersion of the catalyst 
following this regenerative treatment may assist the catalyst to have comparable FT 













Although FTS was discovered in the 1920s, the major mechanisms elucidating the 
chemistry and deactivation are still actively studied. The complexity of the Fischer-
Tropsch reaction system is evident in this literature review given the diversity of 
results and often conflicting opinions. 
 
Even though various opinions abound, there is general agreement from current 
research that the reaction chemistry for FTS involves activating adsorbed CO on the 
catalyst surface with hydrogenation as the first step in the CO insertion mechanism. 
Carbon deposition instead of re-oxidation during realistic FTS conditions as well as 
poisoning of the catalyst from sulphur and nitrogen compounds present in the 
synthesis gas are also well accepted. However, mechanism study has to be 
undertaken with a broad perspective rather than a narrow and dogmatic approach 
that only a single mechanism is at work. This is because the complexity of the 
process, diversity of the operating conditions and nature of the catalyst may affect 
the interpretation of the results.  
 
In concluding, the impetus for FTS research and commercial application is always 
tied to availability of crude oil. When crude oil gradually depletes, FTS will likely 
exploit the large reserves of coal and natural gas as important source of energy. A 
detailed understanding of the chemistry, reaction and deactivation in FTS may allow 
technological development for more selective processes and more stable catalysts. 
Increased selectivity towards high value chemicals and enhanced stability for the 
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COMPUTATIONAL AND EXPERIMENTAL METHODS 
3.1 Computational Theory 
3.1.1. What is Density Functional Theory (DFT)? 
Density Functional Theory (DFT) was developed by Hohenberg and Kohn (1965) 
and Kohn and Sham (1965). It is a quantum mechanical model used to study the 
electronic structure of atoms, molecules and condensed phases. It utilizes functionals 
(or functions of another function) to determine the properties of spatially dependent 
electron density. Therefore, the name DFT is derived from the usage of functionals 
of the electron density. According to Parr and Yang (1989), computational costs are 
low when compared with Hartree-Fork and post Hartree-Fork methods. In many 
cases, the results of DFT calculations for solid-state systems are within 20 kJ/mol 
accuracy when compared with experimental data (Kohn, 1999). Today, DFT is 
widely used and implemented in many programs performing quantum chemical 
calculations. 
 
3.1.2. The Vienna Ab-Initio Simulation Package (VASP) 
The Vienna Ab-Initio Simulation Package, also known as VASP was developed by 
Hafner and co-workers (Kresse and Hafner, 1993; 1994). It is a popular simulation 
package for periodic DFT calculations and utilizes plane waves and ultrasoft 
pesudopotentials in DFT for periodic calculations (Vanderbilt, 1990; Kresse and 
Hafner, 1994). In our research group, VASP is extensively employed to understand 
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fundamental reactions on metal surfaces (Xu and Saeys, 2006; 2008; 2009; Zhuo et 
al., 2009; Saeys et al., 2010; Tan et al., 2010; 2011). 
 
3.2 Computational Methodology 
Boron and carbon chemisorption energies were calculated using periodic spin 
polarized DFT and the Perdew-Burke-Ernzerhof (PBE) functional (Perdew et al., 
1996) as implemented in the Vienna Ab initio Simulation Package (VASP) (Kresse 
and Hafner, 1993; 1994). Plane waves with a kinetic energy up to 450 eV were used 
in all the calculations and the electron-ion interactions were described by the 
projector-augmented wave (PAW) method (Blöchl, 1994). Binding energies were 
calculated using Equation (3.1). 







=                              (3.1) 
where E(X/Co), E(Co,clean) and E(X) represents the total DFT-PBE energy for the 
combined adsorbate/Co system (X = B or C), for the clean surface, and for the free 
atom, respectively, and Nx is the number of boron or carbon atoms per unit cell. A 
sample calculation is given in Table 3.1 below. 
 










-87.58 -79.42 - 1.34 1 
 
From Equation (3.1), Ebinding = -6.82 eV 
Since 1 eV = 96.485 kJ/mol, Ebinding = -658 kJ/mol 
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Co terraces were modeled with a 3-layer fcc Co(111), p(2x2) slab where the bottom 
layer was fixed at the bulk positions. The various adsorption sites are shown in 
Figure 3.1. Repeated slabs were separated by 10 Å of vacuum to minimize 
interactions between slabs. This is depicted in Figure 3.2. The optimized bulk lattice 
constant, 3.52 Å, agrees well with the experimental value of 3.55 Å (Ashcroft and 
Mermin, 1976).  
 
Step sites were created by removing 2 or 4 rows of Co atoms from the top layer of a 
p(2x8) or p(4x8) slabs (Tan et al., 2010) as shown in Figure 3.3. A (5x5x1) 
Monkhorst-Pack k-points grid was used to sample the Brillouin zone for the p(2x2) 
unit cells, while a (2x2x1) grid was used for the larger p(2x8) and p(4x8) unit cells. 
Binding energies were found to be converged within 5 kJ/mol with respect to the 
vacuum spacing and the k-point sampling. Increasing the slab thickness from 3 to 5 
layers reduced the carbon binding energy at the hollow site by 7 kJ/mol and the 
boron binding energy by 5 kJ/mol respectively. 
 
 
Figure 3.1. Adsorption sites for a p(2x2) Co(111) surface includes the top site, fcc 




Figure 3.2. A 3-layered p(2x2) Co(111) model in the z-direction used for periodic 
calculations. The upper layer was allowed to relax during calculations while the 
remaining layers were constrained in bulk. 
 
 
Figure 3.3. A 3-layered stepped Co(111) surface, created by removing 2 rows of Co 
atom from the top layer of a p(2x8) slab. Top view (A) and side view (B). 
 
To evaluate the stability of adsorbed carbon and boron under Fischer-Tropsch 
conditions, reaction free energies, ∆Gr (500 K, 20 bar), with respect to a gas phase 
reservoir of CO, H2 and H2O were computed using Equation (3.2) and B2H6 with 
Equation (3.3): 
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                                     )(2
*
)(2)( )12( gXgg OHCHH
xCO +↔++                            (3.2) 






gg HBHB +↔                                      (3.3) 
 
Gibbs free energies for the gas phase species were determined by combining 
electronic and Zero Point DFT-PBE energies with experimental enthalpy and 
entropy corrections (Chase, 1998). Partial pressures of 4.4, 8.9 and 6.7 bar were used 
for CO, H2 and H2O respectively in Equation (3.2), corresponding to an average CO 
conversion of 60 % and 1.0 bar for B2H6 in Equation (3.3). For chemisorbed species 
such as carbon and boron, only the electronic energy was included in the calculation 
of the Gibbs energy (Tan et al., 2010; 2011; Saeys et al., 2010).  
 
Diborane (B2H6) was used as the reference gas phase boron species since FTS is 
performed under reducing conditions (Xu et al., 2009; Saeys et al., 2010). Under 
FTS conditions, B2H6 is significantly more stable than boric acid, H3BO3, with an 
experimental gas phase free energy of reaction, ∆Gr, of −81 kJ/mol for Equation 
(3.4) (Chase, 1998). Boric acid (H3BO3) is used to introduce the boron promoter. 
Bulk boron oxide (B2O3) on the other hand is slightly more stable than B2H6 under 
FTS conditions, with a ∆Gr of −23 kJ/mol for Equation (3.5) (Chase, 1998).  
                              )(2)(62)(2)(33 32
13 gggg OHHBHBOH +↔+                             (3.4) 






gsgg HOBOHHB +↔+                            (3.5) 
 
As an example to evaluate the Gibbs reaction free energy, ∆Gr (500 K, 20 bar) for a 
single carbon atom adsorbed at the hcp hollow of a p(2x2) Co(111) surface, 
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Equation (3.2) reduces to: 
                                         )(2
*
)(2)( ggg OHCHCO +↔+                                       (3.6) 
 
Gibbs reaction free energy is then calculated using Equation (3.7): 







pRTSTTHpTG rxnrxn                         (3.7) 
where 
      +∆=∆ )0( KHH rxnrxn temperature corrections from experiment )( TC p ∆       (3.8) 
                                            ZPEEKH rxnrxn ∆+∆=∆ )0(                                        (3.9) 
 
From DFT, )0( KH rxn∆ was calculated to be – 0.73 eV, where Zero Point Energy 
(ZPE) was included for the gas phase species of CO, H2 and H2O. Combined with 
the experimental data in Table 3.2 (Chase, 1998), Equation (3.7) can be calculated. 
 
Table 3.2. Temperature, entropy and partial pressure contributions to the Gibbs free 
energy of reaction at 500 K and 20 bar. 
 H2 CO H2O 
∆Hcorrection to 500 K (kJ/mol) 14.4 14.6 16.8 
S at 500 K (J/K mol) 145.7 212.8 206.5 
Partial pressures at 60% conversion (bar) 8.9 4.4 6.7 
 
=∆ )500( KH rxn (– 70.4 – 12.1) kJ/mol 
  = – 82.5 kJ/mol 
),( pTGrxn∆     = – 82.5 kJ/mol – [500 K*(– 0.152 kJ/K mol)] + RT ln (1.71/1000) 
  = – 4.3 kJ/mol 
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Though the temperature at which different types of deposited carbon species are 
hydrogenated is kinetically determined, a relationship with their relative stability can 
be expected. The reaction free energy, ∆Gr (500 K) with respect to a gas phase 
reservoir of H2 and CH4 is firstly computed. This is given as Equation (3.10). 




xCH →−+                                (3.10) 
 
The desorption rate can be expressed by a rate law of nth order; 











r Θ−=Θ−= )exp(          (3.11) 
 
where rd is the desorption rate (s-1), Ed is the activation energy of desorption 
(kJ/mol), R is the gas constant (J/mol.K), T is temperature (K), vn is the pre-
exponential factor, usually taken to be 1013s-1, n is the order of desorption rate and 
Θr is the relative coverage, 0< Θr < 1. 
 
For a linear change of sample temperature with time, the heating rate βH (K/s) can be 
defined as in Equation (3.12), with βH typically between 1 and 10 K/s: 
dt
dT
H =β            (3.12) 


















Θ )exp(1β          (3.13) 
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d Θ+ΘΘ=Θ= −          (3.15) 
 












−Θ= −β          (3.16) 
 
For a first order desorption, n = 1, Tp is independent of the coverage Θr but 
dependent on the heating rate βH. So, Equation (3.16) reduces to: 











−= β                (3.17) 
 
Following Redhead (1962), if the activation parameters are independent of the 
surface coverage θr and the desorption rate follows first order kinetics, then 
Equation (3.17) can be solved for Ed/RTp. For typical values of ν1Tp/βH ranging from 
109 to 1017, Ed/RTp ranges from 19 to 35, with a typical value of 24. Under these 
simplifying assumptions, the desorption activation energy can hence be derived from 
the peak temperature, leading to Equation (3.18): 
 




As an example to evaluate the Gibbs reaction free energy, ∆Gr (500 K) for a CH 
molecule adsorbed on the hcp hollow of a p(2x2) Co(111) surface, Equation (3.10) 
reduces to: 




gg CHHCH →+                                   (3.19) 
 
With the pressure term removed, Gibbs reaction free energy from Equation (3.7) is 
simplified to Equation (3.20): 
                                               STTHpTG rxnrxn ∆−∆=∆ )(),(                               (3.20) 
 
From DFT, )0( KH rxn∆ was calculated to be – 1.5 eV, where Zero Point Energy 
(ZPE) was included for the gas phase species of H2 and CH4. Combined with the 
experimental data in Table 3.3 (Chase, 1998), Equation (3.20) can be calculated. 
 
Table 3.3. Temperature and entropy contributions to the Gibbs free energy of 
reaction at 500 K. 
 H2 CH4 
∆Hcorrection to 500 K (kJ/mol) 14.4 18.2 
S at 500 K (J/K mol) 145.7 207 
 
=∆ )500( KH rxn – 113.1 kJ/mol 
)(TGrxn∆         = – 142.7 kJ/mol 
 
To determine the Gibbs reaction free energy, ∆Gr (500 K) for graphene adsorbed on 
p(2x2) Co(111) surface, Equation (3.10) reduces to: 
                                                  )(4)(2
* 2 gggraphene CHHC →+                                (3.21) 
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Using Equation (3.20) and thermodynamic values from Table 3.3, )(TGrxn∆ =          
– 190.5 kJ/mol. 
 
The stability difference between CH molecule and graphene is estimated to be 48 
kJ/mol, therefore using Equation (3.18), their temperature shift is calculated to be   
240 °C. 
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3.3 Experimental Methodology  
The procedures required to synthesize, characterize and tests the catalysts are 
discussed below. 
 
3.3.1. Catalyst Synthesis 
Supported cobalt catalysts were prepared by slurry impregnation of a γ-Al2O3 
support with an aqueous Co nitrate solution (Co(NO3)2.6 H2O, Sigma-Aldrich, 98 
%) to produce Co loadings of about 20 wt%. The γ-Al2O3 support has a specific 
surface area of 380 m2/g, specific pore volume of 0.8 cm3/g and average pore size of 
7 nm as measured by BET. The resultant mixture was allowed to stir in a rotary 
evaporator (Buchi R-205) with a temperature bath control (Buchi B-490) for 2 hours 
at 800 mbar (Figure 3.4A).  After that, the slurry was dried for 3 hours at 80 °C and 
80 mbar. The semi-dried mixture was allowed to dry overnight in an oven at the 
same temperature. Small amounts (0.05 wt%) of platinum (Pt(NH3)4(NO3)2, Sigma-
Aldrich, 99 %) were introduced during the slurry impregnation step to improve the 
reducibility of the Co catalyst.  
 
A stationary furnace (Carbolite RWF 1200) was used for calcination (Figure 3.4B). 
Samples were placed inside large crucibles with a 0.5 cm bed depth to ensure 
uniform heating. Samples were heated in air to 120 ºC at 1 ºC/min, and kept at 120 
ºC for 1 hour to remove adsorbed moisture. Thereafter, the samples were heated in 
air to 400 ºC at 1 ºC/min and kept at 400 ºC for 2 hours for calcination. Calcination 
at 400 ºC will ensure complete decomposition of the nitrate precursors and produce 
cobalt oxide. To produce boron promoted Co/γ-Al2O3 catalysts, a second slurry 
impregnation step using aqueous boric acid (H3BO3, Sigma-Aldrich, 99 %) was 
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utilized to produce boron loadings of 0.5, 1.0 and 2.0 wt%. The samples are then 
calcined following the above procedure. As a control sample, the γ-Al2O3 support 
without Co was loaded with 2.0 wt% boron. The amount of boron present after 
calcination and after FTS was confirmed using Inductively Coupled Plasma-Optical 
Emission Spectrometry (ICP-OES). 
 
 
Figure 3.4. Buchi rotary evaporator with temperature bath control (A) (From Buchi) 
and Carbolite electric furnace (B) (From Carbolite). 
 
 
3.3.2. Temperature Programmed Reduction (TPR) and H2 Chemisorption 
Temperature Programmed Reduction (TPR) was performed in a Quantachrome 
Autosorb 1C to determine the reducibility of the boron promoted and unpromoted 
Co/γ-Al2O3 catalysts. A typical instrument is shown in Figure 3.5. Approximately 
0.2 g of the calcined catalysts was loaded into a U-shaped cell, dried at 120 ºC for 1 
hour to remove adsorbed moisture, heated in flowing purified air to 400 ºC at 5 
ºC/min, and kept at 400 ºC for 1 hour to ensure complete decomposition of the 
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nitrate precursors. After cooling to 25 ºC, the TPR profile was recorded in 50 
Nml/min consisting of 5% H2/Ar up to 850 ºC at 10 ºC/min.  
 
 
Figure 3.5. Quantachrome Autosorb 1C instrument allows complete surface 
characterization of porous solids with combination of gas detection by mass 
spectrometry and automatic gas sorption analysis (From Quantachrome). 
 
The catalyst dispersion and H2 uptake were determined by H2 chemisorption in a 
Quantachrome Autosorb 1C. Approximately 0.2 g catalyst was loaded in a quartz 
cell, reduced in 50 Nml/min H2 at 500 ºC for 2 hours, evacuated for 1 hour, and 
cooled to 25 ºC under vacuum. Based on the TPR profile of Co/γ-Al2O3 catalyst, 
reduction at 500 ºC is sufficient to reduce most of the cobalt oxides without sintering 
the catalysts (Moodley et al., 2009; Saib et al., 2010). H2 adsorption isotherms were 
measured at 25 °C by dosing small amounts of H2 into the evacuated quartz tube at 
fixed pressure steps between 80 and 800 mbar. The dispersion was calculated 
assuming a H:Co stoichiometry of 1.
 
The dispersion for boron promoted catalysts 
was determined following the same procedure, assuming that boron does not 
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contribute to the H2 uptake. The average particle diameter d(Co) was obtained from 
the dispersion (D) using Equation (3.22) (Boudart and Mariadassou, 1984).  
      [%]D
96]nm[)Co( =d                         (3.22) 
 
3.3.3. Brunauer-Emmett-Teller (BET) Measurements 
BET measurements were performed in a Quantachrome Autosorb 6B instrument 
using N2 adsorption (Figure 3.6). Approximately 0.25 g of sample is placed inside a 
sample tube and the samples were allowed to be outgassed at 300 °C for 2 hours 
prior to analysis. After that, the outgassed samples are allowed to cool to cryogenic 
temperature of 77.3 K. The surface area was calculated from the Brunauer-Emmett-
Teller (BET) equation (Brunauer et al., 1938). The Barrett-Joyner-Halenda (BJH) 
model (1951) was used to determine the pore size distribution and pore volume. 
 
 
Figure 3.6. Quantachrome Autosorb 6B instrument is a fully automated instrument 
for surface area, pore size and pore volume measurements (From Quantachrome). 
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3.3.4. X-ray Diffraction (XRD) 
To estimate the particle size of Co catalysts, a Bruker D8 Advance Diffractometer 
instrument (Figure 3.7) was used. This is accomplished from the width of the cobalt 
oxide Co3O4, XRD peak at 36.8º using Scherrer’s formula (Lemaitre et al., 1984), 
given as Equation (3.23):  







kOCod                                            (3.23) 
 
where d(Co3O4) is the average particle diameter for Co3O4 particles, k = 0.89 is 
considered the Scherrer constant, λ at 1.541 Å is the X-ray wave length and B is the 
full width half maximum (FWHM) of Co3O4 diffraction peak. Using the molar 
volumes of metallic Co and Co3O4 (Baum, 1998), the average particle size of Co3O4 
can be converted to the reduced Co particle size with Equation (3.24): 
                                                   )(75.0)( 43OCodCod =                                      (3.24) 
 
 
Figure 3.7. Bruker D8 XRD instrument is a fully automated instrument for powder 
x-ray diffraction measurements (From Bruker).  
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3.3.5. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 
In situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) was 
used to evaluate the adsorption of CO on the boron promoted and unpromoted Co/γ-
Al2O3 catalysts. CO adsorption spectra were collected with a Perkin-Elmer FTIR 
2000 spectrometer, equipped with a temperature controlled Harrick “Praying 
Mantis” DRIFTS cell (Figure 3.8). Approximately 50 mg catalyst, diluted with dry 
KBr (1:5 w/w) to improve the signal to noise ratio, was placed in the DRIFTS cell. 
The catalyst samples were dried in He at 150 °C for 1 hour, and reduced in 50 
Nml/min H2 for 2 hours at 400 °C, the maximum temperature for the cell. After 
exposure to a 50 Nml/min 2% CO/Ar mixture at room temperature and atmospheric 
pressure, infrared spectra with a resolution of 4 cm−1 were collected between 500 
and 4000 cm−1 and averaged over 50 scans.  
 
 
Figure 3.8. Perkin Elmer FTIR 2000 instrument (A) (From Perkin Elmer) with 







3.3.6. X-ray Photoelectron Spectroscopy (XPS) 
XPS spectra were collected for the samples using a Thermo ESCALAB 250 
spectrometer (Figure 3.9 A). Samples were pulverized into fine powder using mortar 
and pestle. Approximately 5 mg of these samples were then pressed into an indium 
layer and mounted on a stainless steel XPS stub. XPS measurements were recorded 
with a 20 eV pass energy, a 0.1 eV kinetic energy step, and a 0.1 s dwelling time. 
Using a high pass energy of 20 eV will reduce the unwanted background level 
resulting from scattered electrons, hence improving the signal to noise ratio. To 
reduce spurious drifts, energy corrections were performed using the Al 2p peak of 
Al2O3 at 74.3 eV. To ensure accuracy, the peak energy must be within 0.05 eV of the 
reported value, prior to measurement.  
 
 
Figure 3.9 A. Thermo Scientific ESCALAB 2500 XPS is used for materials 
characterization (From Thermo Scientific).  
 
In deriving the peak assignments for the binding energies of the B 1s spectra in 
Figure 5.4 in page 130, firstly, corrections were made with regards to the internal 
energy reference line to eliminate spurious drifts. For the case of 2 wt% B/γ-Al2O3 
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sample reduced with H2 in Figure 3.9B, the binding energy of the B 1s spectra is 
approximately between 191.0 to 191.3 eV for a typical boron oxide. No noticeable 
shoulder was observed at lower binding energies and the experimental curve can be 
fitted with a single Gaussian curve with a χ2 value of 0.99. On the other hand, the 
existent of a shoulder at lower binding energies were observed for a 2.0 wt% B on a 
Co/γ-Al2O3 sample (Figure 3.9C). Peak fitting indicates the existence of dual peaks, 
from approximately 191.0 to 191.3 eV, which we earlier assigned to boron oxide and 
another at 188.1 eV which can be attributed to cobalt boride with a χ2 value of 0.99. 
In contrast, χ2 < 0.98 was obtained if only a single peak was used to fit the 
experimental curve in Figure 3.9B. Using similar methodology, the peaks for H2 












Figure 3.9 B. XPS spectra for H2 reduced γ-Al2O3 support promoted with 2.0 
wt% boron.  
 
 
Figure 3.9 C. XPS spectra for H2 reduced Co/γ-Al2O3 catalyst promoted with 
2.0 wt% boron.  
 
 
Figure 3.9 D. XPS spectra for H2 reduced Co/γ-Al2O3 catalyst promoted with 





3.3.7. Temperature Programmed Hydrogenation (TPH) and Thermal 
Gravimetric Analysis (TGA) 
 
The reactivity and the amount of deposited carbon were quantified with TPH and 
TGA. For TPH, about 20 mg of catalyst was loaded in a quartz tube, pretreated with 
Ar at 200 °C for 1 hour to remove weakly adsorbed hydrocarbons, and cooled to 
room temperature. Next, 50 Nml/hr H2 was introduced and the temperature 
increased to 600 °C at 5 °C/min. The TPH profile was recorded with a Hiden HPR 
20 mass spectrometer operating at a vacuum of 10-6 Torr or better. The mass 
spectrometer was calibrated using methane. For TGA studies, about 20 mg of 
catalyst was placed in a thermobalance basket, again kept under Ar at 200 °C for 1 
hour and cooled to room temperature to remove weakly adsorbed hydrocarbons. 
Subsequently, 50 Nml/hr H2 was introduced in the Setaram Setsys Evolution 12 
thermobalance (Figure 3.10) and the relative weight loss profile was recorded until 
850 °C at a rate of 20 °C/min.  
 
 
Figure 3.10. Setaram Setsys Evolution 12 instrument used for TGA analysis. TGA 
technique measures the variation of a mass of a sample when subjected to 
temperature programmed in a controlled atmosphere (From Setaram). 
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3.3.8. High Resolution Transmission Electron Microscopy (HRTEM) 
 
TEM images of the Co catalyst after FTS reaction were collected on a Tecnai TF20 
microscope at 200 keV (Figure 3.11). Samples were prepared by pulverizing the 
wax-extracted catalyst with mortar and pestle, placed inside a 15 ml sample holder 
filled with ethanol, followed by sonication at room temperature for 30 minutes. An 
appropriate amount of samples were then deposited onto a holey carbon microscope 
grid covered with carbon windows and then transferred from the glove box to the 




Figure 3.11. Tecnai TF20 High Resolution Transmission Electron Microscopy for 










3.3.9. Fischer-Tropsch Synthesis (FTS) 
 
The activity, selectivity and deactivation of the Co catalysts were tested using a 
fixed bed micro-reactor. A simplified process flow diagram below describes the 
operation of the micro fixed-bed reactor during FTS (Figure 3.12).  
 
 
Figure 3.12. Fully automated micro fixed-bed reactor system (IMTECH, 
Netherlands) and a simplified process flow diagram describing the operation of the 
reactor system. 
 
The micro fixed-bed reactor system comes equipped with syngas supply, a series of 
condensers and a gas chromatograph. The reactor is a 0.5 m stainless steel tube with 
an internal diameter of 2.0 cm. It comes equipped with a three zone heater with three 
independent thermocouples. An additional “K” type thermocouple was placed inside 
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a thermowell to measure the temperature inside the catalyst bed. Syngas flowrate 
was controlled by Brooks 5850 mass flow controllers while the reactor pressure was 
regulated by Flowserve Kammer Ventile automatic back pressure regulator. Products 
were measured online with an Agilent 6890 GC equipped with a Flame Ionization 
Detector (FID) and Thermal Conductivity Detector (TCD). Condensed waxes were 
analyzed offline with a high temperature Shimadzu GC 2010 to determine the yields 
for C20 to C80 hydrocarbons. The mass and carbon balance could both be closed to 
between 95 and 99%. 
 
About 1.0 g of catalyst with a particle size range of 210 to 300 µm was used for 
catalytic testing. The catalyst was diluted with approximately 18 g of SiC (1:10 v/v) 
with the same particle size range to avoid possible temperature gradients. Bed 
temperatures at different depths were measured by moving the thermocouple inside 
the thermowell and temperature gradient across the bed is less than 1 °C. During 
experiments, the temperature in the bed remained constant.  
 
To evaluate the possible importance of intraparticle mass transfer limitations, the 
Weisz-Prater criterium (Weisz and Prater, 1954; Froment and Bischoff, 1990), 
Equation (3.25), was used:  








obsρφ =                                           (3.25) 
 
where r is the rate of reaction (mol/gcat.s), ρ is the density of the solid (g/cm3), L is 
the characteristic length for the transport (cm), Cs  is the concentration of CO on the 
particle/catalyst and Deff is the effective diffusivity inside the catalyst particle 
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(cm2/s). The Weisz-Prater criterium compares the rate of reaction with the rate of 
diffusion. As long as φ < 1, the diffusion is fast in comparison to reaction. 
 
The diffusivity and effective diffusivity of CO can be estimated using Equations 
(3.26) and (3.27) respectively, (Seader and Henley, 1998): 






              (3.26) 







                         (3.27) 
where DCO and DCO,eff are diffusivity of CO and effective diffusivity of CO 
inside the pellet, ε is the porosity of catalyst pellet and τ is the tortuosity of 
catalyst pellet.  
 
The concentration of CO on the particle surface can be evaluated with the ideal 
gas law. 
  ZnRTPV =                  (3.28) 
  
P is the partial pressure of CO (MPa), V is volume (cm3), Z is compressibility of 
CO at reaction conditions, n is number of moles (mol), R is the universal gas 
constant (cm3 MPa/mol K) and T is the temperature (K). At reaction conditions 
of P = 2 MPa, T = 513 K and H2:CO = 2:1, Z = 0.96. In this way, Cs was 
calculated to be 1.563x10-4 mol/cm3. 
 
At 95% CO conversion, rCO is approximately 1.19x10-5 mol/gcat.s The values 
listed in Table 3.4 are used to evaluate Equation (3.25), leading to a value of φ = 
0.22.  
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3.85 1.72x10-4 3.4x10-5 5.0x10-3 
 
Since the calculated Weisz modulus Φ of approximately 0.22 for our experimental 
conditions is lower than the critical value of 1.0, this suggests that no significant 
mass transfer limitations are expected under our experimental conditions. Catalytic 
experiments with a larger particle size (300 – 400 µm) were also performed to verify 
the effects of mass transfer limitations using similar amount of SiC for dilution. 
 
To evaluate and compare the catalyst Turnover Frequency (TOF) with similar 
catalyst, a power law kinetic model proposed by Ribeiro et al., (1997) was used, as 
shown in Equation (3.29): 




= COH PkPr            (3.29) 
where r is the is the rate of reaction, 
2H
P and COP are the partial pressures of H2 and 
CO respectively. Using values from Table 3.5 (Ribeiro et al., 1997), the reaction rate 
for T at 513 K with 
2H
P and COP at 13.3 bar and 6.7 bar is calculated to be 24.7x10
-3
 
s-1 using Equation (3.29). 
 









3.52x10-3 473 0.67 0.33 
* Note: Extracted from Table 4 of Ribeiro et al., (1997) 
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From here, the catalyst was reduced in situ for 12 hours under H2 (50 Nml/min, 500 
°C and atmospheric pressure), and allowed to cool to 120 °C. Next, syngas with a 
H2:CO ratio of 2.0 was introduced at a W/Ftotal of 7.5 gcat h/mol (H2, Soxal, 99.9%, 
and a CO/Ar mixture, Soxal, 95:5%) and the reactor was brought to 20 bar and 240 
ºC with a slow heating rate of 0.5 °C/min. Similar reaction conditions can be found 
in the literature (Zhang et al., 2007, Tsubaki et al., 2001). The catalysts were tested 
for 200 hours, after which the reactor temperature was reduced to 120 °C under 
flowing synthesis gas, and the catalyst was removed for characterization. The Co 
catalysts were separated using a magnet, and condensed waxes were extracted using 
hexane inside a glove box (Pankina et al., 2002).  
 
During FTS reaction, the percentage of CO converted was calculated with Equation 
(3.30): 








=(%)                                            (3.30) 
 
where XCO is the percentage of CO converted during FTS reaction, inCOη  and outCOη  are 
moles of CO in and out respectively and Tη  is the total number of moles (mol/min). 
These can be determined from the TCD channel of the gas chromatography. Once 
the area of these peaks is divided with the relative response value, the true value will 







































          (3.32) 
where ACO and AAr are the area under the peak for CO and Argon (detected with the 
TCD channel in GC) respectively, MWCO and MWAr are the molecular weight for CO 
and Ar respectively while TRCO and TRAr are the relative response values for CO and 











= , one obtains;  











          (3.33) 
 










 from Equation (3.33) is measured from the GC at 
the outlet of the reactor before reaction and after reaction respectively. Inserting 
Equation (3.33) into (3.30), we obtain; 





































=         (3.34) 
and since Argon is an inert gas and does not participate in the reaction, inArη =  outArη , 


















=           (3.35) 
 








A during calibration with the TCD channel. 
 
Hydrocarbons selectivity was calculated with Equation (3.36) using the FID 
channel: 
                     Selectivity of hydrocarbon xi = (mass of xi/Σxi) x 100%                (3.36) 
 
The Anderson-Schultz-Flory (ASF) model (Flory, 1936; Herington, 1946; Friedel 
and Anderson, 1950; Henrici-Olive and Olive, 1976) was used to calculate the chain 
growth probability, α, which is a ratio between the rate of chain propagation and the 
sum of propagation and termination rates. It is expressed as: 






=α             (3.37) 
where pr and tr  are the propagation and termination rates respectively. 
 
For a single chain growth probability, the ASF model is expressed as; 
   
21 )1( αα −= −nn nW                 (3.38) 
where Wn is the weight fraction of hydrocarbon products with chain length n. 
Rearranging Equation (3.38), the equation becomes: 










                (3.39) 









                                     (3.40) 
A plot of )ln(
n
Wn against the carbon number n will yield the slope, α. A high α value 
corresponds with a high selectivity towards heavier hydrocarbon. 
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CARBON DEPOSITION ON COBALT CATALYSTS 
DURING FISCHER-TROPSCH SYNTHESIS: A 
COMPUTATIONAL AND EXPERIMENTAL STUDY 
4.1 Results and Discussion 
In this section, we first present an experimental study of the deactivation behavior of 
a Co/γ-Al2O3 catalyst during FTS. The catalyst was characterized after 200 hours of 
reaction using a variety of techniques to evaluate the presence and the nature of the 
deposited carbon species. Next, we calculate the relative stability of various carbon 
species at terrace sites and near step edges under Fischer-Tropsch conditions using 
DFT-PBE. In particular, diffusion into the step sites forming a p4g surface carbide, 
and growth of graphene sheets out of the steps are considered in detail. 
 
4.1.1 Reduction Profile for Supported Co Catalysts 
The reduction profiles for the unpromoted and 0.05 wt% Pt promoted 20 wt% Co/γ-
Al2O3 catalysts is shown in Figure 4.1. Unlike the reduction of bulk Co3O4 which 
occurs rapidly (Arnoldy and Moulijn, 1985; Lapidus et al., 1991), the reduction 
behavior of supported cobalt oxide (Co3O4 and CoO) occurs over a broad 
temperature range and is support dependent. The addition of noble metals like Pt, Ru 
and Re are known to catalyze the reduction of cobalt species interacting with the 
support (Jacobs et al., 2002, 2004). Both Pt and Ru reduce at a lower temperature 
than the first reduction step of cobalt oxide (Co3O4) clusters and therefore can 
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catalyze both reduction steps. On the other hand, Re only affects the second step 
(CoO) because Re oxide reduces at nearly the same temperature as the first step of 
cobalt oxide clusters. The result of this kind of promotion is readily apparent in the 
hydrogen uptake between both the unpromoted and 0.05 wt% Pt promoted          
Co/γ-Al2O3 catalysts shown in Table 4.1. The standard deviations for the catalysts in 
Table 4.1 were obtained from multiple chemisorption experiments. 
 
Table 4.1. Effect of 0.05 wt% Pt on the hydrogen uptake of 20 wt% Co/γ-Al2O3 
catalysts, after reduction at 500 °C for 2 hours. 
Catalyst H2 uptake 
(µmol/gcat) 
Co/γ-Al2O3 with 0.05 wt% Pt 161 ± 5.1 
Co/γ-Al2O3 84 ± 3.7 
 
The improved reducibility from Pt promotion as illustrated in Figure 4.1 will also 
increase the percentage of reduction. Additionally, it will improve the concentration 
of active sites on the catalyst surface. According to Jacobs et al. (2002, 2004) there 
are three well known steps in the reduction profile for Co/γ-Al2O3 catalysts. The first 
step consists of the reduction of Co3O4 clusters to CoO which occurs readily. 
However, the reduction of CoO appears to occur in two important regions with 
larger clusters which mimics bulk-like CoO properties, reduces at temperatures close 
to the first reduction step while surface species interacting with the support reduces 
at much higher temperatures. Therefore, all Co/γ-Al2O3 catalysts were promoted 














Figure 4.1. TPR profiles illustrating the effect of promotion with 0.05 wt% Pt on the 









4.1.2 Deactivation Behavior of Supported Co Catalysts during FTS 
The FTS activity of a 20 wt% Co/γ-Al2O3 catalysts promoted with 0.05 wt% Pt was 
evaluated in a fixed bed micro-reactor for 200 hours (Figure 4.2). During the first 24 
hours, the CO conversion increased from about 60% to a maximum of 96%, 
followed by a gradual loss in activity due to catalyst deactivation. The initial 
increase in the activity might be due to a further reduction and/or a surface 
reconstruction of the Co catalysts under syngas conditions (Saib et al., 2006; Beitel 
et al., 1996, 1997; Wilson and de Groot, 1995). Both a rapid and a slower 
deactivation phase were observed, as also reported by others (Iglesia et al., 1993; 
van Berge and Everson, 1997). After 200 hours on stream, the CO conversion had 
decreased from a maximum of 96% to 67%. The maximum and final activity, 
selectivity and particle size are summarized in Table 4.2. The maximum TOF of 
37x10-3 s-1 for this 20 wt% Co/γ-Al2O3 catalyst can be compared with the TOFs 
reported in a review by Ribeiro et al. (1997). Using the power law kinetic model 
proposed by Ribeiro et al., the TOF reported for a 15 wt% Co/γ-Al2O3 catalyst at 
215 °C and 8.2 bar can be extrapolated to a value of 25x10-3 s-1 for my reaction 
conditions (Ribeiro et al., 1997). The chain growth probability (α) of 0.70 is slightly 
lower than a value of 0.76 reported by Oukaci and Singleton (1999) for a 
commercial 20 wt% Co/γ-Al2O3 catalyst operated in a fixed bed reactor at 220 °C. 
 
The methane selectivity is slightly high at 24% but consistent with a temperature of 
240 ºC. The CO conversion decreased rapidly from 96% to about 80% over the first 
50 hours. After 50 hours, the deactivation rate becomes slower. The selectivity 
remains relatively unaffected by the catalyst deactivation, with an increase of the C5+ 
selectivity from 60% to 64% after 200 hours. Overall, the deactivation behavior 
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during the slower phase can be described by a first order deactivation rate coefficient 
of –1.7x10–3 hr–1. The decrease in activity from 96% to 67% over 200 hours is 
comparable to the activity loss reported for a Co/γ-Al2O3 catalyst in a 100 
barrels/day slurry bubble column reactor at 230 °C after 200 hours (Saib et al., 
2006). The standard deviations shown in Table 4.2 were computed over an 8 hour 
period. 
 
Table 4.2. Activity, selectivity, chain growth probability, particle size and dispersion 
for a 20 wt% Co/γ–Al2O3 FTS catalyst. Reaction conditions: 240 °C, 20 bar, H2:CO 
= 2.0, Wcat/Ftotal = 7.5 gcath/mol. 
 After 25 hours 
 
After 200 hours 
CO conversion (%) 
 












24 ± 0.4 
16 ± 0.8 
60 ± 1.1 
0.70 





19 ± 0.4 
17 ± 0.4 




Before reaction After 200 hours on stream 










aBased on the number active sites determined by hydrogen chemisorption and 
averaged over the reactor;  
bDetermined by hydrogen chemisorption after carbon removal by hydrogenation at 
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Figure 4.2. CO conversion as a function of time on stream for a 20 wt% Co/γ–Al2O3 
promoted with 0.05 wt% Pt FTS catalyst. Reaction conditions: 240 °C, 20 bar, 










4.1.3 Characterization of Supported Co Catalysts after FTS 
The Co particle size and dispersion were evaluated before and after FTS using H2 
chemisorption experiments, as summarized in Table 4.2. To remove deposited 
carbon species after reaction, the catalysts were hydrogenated at 500 ºC for 2 hours 
under 50 Nml/min H2 before collecting the H2 adsorption isotherms, as described in 
Section 3.3.2. A slight decrease in the dispersion from 9.5% to 8.0% was observed 
after reaction. However, the TPH profile in Figure 4.3 indicate that hydrogenation at 
500 ºC might not be sufficient to completely remove all the deposited carbon. 
Therefore, the lower dispersion can, at least in part, be attributed to the incomplete 
removal of the deposited carbon. Indeed, TGA indicates that approximately 0.4 mg 
carbon/g catalyst remains on the Co catalyst after hydrogenation at 500 ºC. The 
equivalent carbon coverage is approximately 0.1 ML, and is consistent with a 10% 
decrease in the dispersion. This value is also comparable to the equivalent carbon 
coverage of 0.07 ML determined from the TPH profile. Although higher 
hydrogenation temperatures would further remove these resilient carbon species, 
unfortunately, they might also lead to sintering of the Co particles (Font Freide et al., 
2004). 
 
To characterize the nature and the amount of deposited carbon, the deactivated 
catalyst was studied using a variety of techniques. Based on their reactivity towards 
hydrogen, different types of deposited carbon can be identified and quantified by 
deconvolution of the TPH profile as depicted in Figure 4.3. The sharp peak at 245 ºC 
can be assigned to hydrocarbon wax remaining after extraction with hexane (Gruver 
et al., 2005). The equivalent carbon coverage for this peak is 0.12 ML. Most of the 
resilient carbon corresponds to the broader peaks around 275 and 320 °C with an 
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equivalent coverage of 1.27 ML. The lower temperature peak has been assigned to a 
surface carbide phase (Lee et al., 1988), while the higher temperature peak has been 
attributed to a bulk carbide phase (Xu and Bartholomew, 2005). However, the higher 
temperature peak at 320 °C has also been attributed to recalcitrant waxes remaining 
inside the pores of the catalyst (Gruver et al., 2004). Methane that elutes above 400 
°C has been attributed to amorphous and polymeric carbon species (Lee et al., 
1988). 
 
Though the temperature at which the different types of deposited carbon species are 
hydrogenated is kinetically determined, a relationship with their relative stability can 
be expected. In the DFT-PBE calculations reported in Section 4.2.4, three types of 
adsorbed carbon species were considered. These are, surface CH2 and CH groups, a 
p4g surface carbide phase and extended graphene islands. DFT-PBE calculations 
indicate that graphene islands are about 20 kJ/mol more stable than a p4g surface 
carbide phase, and about 50 kJ/mol more stable than surface CH groups. Using a 
Redhead-type analysis (Redhead, 1962), these stability differences can be converted 
to temperature shifts of approximately 100 °C and 250 °C, corresponding reasonably 
well with the temperature difference between peak 5, 470 ºC, peaks 3 and 4, at 320 















Figure 4.3. TPH profile for a 20 wt% Co/γ-Al2O3 catalyst after 200 hours on stream. 
The experimental profile (▬) was deconvoluted using Gaussian profiles (▬). The 











To further characterize the carbon remaining on the catalyst surface after FTS, C 1s 
XPS spectra were collected for the catalyst after 200 hours of reaction and after wax 
extraction using hexane (Pankina, 2002). To reduce sample exposure to air, catalysts 
from the reactor were carefully removed inside a glove box, magnetically separated 
and were prepared according to Section 3.3.6. Then, it was transferred to the XPS 
from the glove box using a mobile desiccator. 
 
Based on the C 1s binding energies, two forms of resilient carbon with C 1s binding 
energies of 283.0 and 284.6 eV can be identified, as shown in Figure 4.4. The lower 
intensity peak at 283.0 eV has been attributed to a Co carbide phase (Beitel et al., 
1996) while the broader, higher intensity peak at 284.6 eV can be assigned to a 
combination of amorphous and polyaromatic species (Moulder, 1982; Le Normand 
et al., 2001). For reference, the C 1s XPS spectrum for the calcined catalyst is 
included. XPS peaks corresponding to carbidic species have been reported by Xiong 
et al. (2005) for Co/γ-Al2O3 catalysts after 75 hours of FTS at 230 ºC, and 25 bar. In 
the same study, a Co2C phase was detected using XRD. Bulk Co2C could not be 
detected using XRD by Moodley et al. (2009) for similar reaction conditions. 
However, the corresponding TPH data suggest the presence of a surface carbide 
phase, as well as more resilient carbon species that only hydrogenate above 500 °C.  
 
To support the peak assignments, the C 1s core level binding energies were 
computed using DFT-PBE. For an extended graphene overlayer on Co(111), a C 1s 
core level binding energy of 284.5 eV was computed, in reasonable agreement with 
the broad XPS peak around 284.6 eV. For the p4g surface carbide with 4 rows of 
carbon per unit cell, a core level binding energy of 283.4 eV was computed, about 
 94 
1.1 eV weaker than for graphene. Both the absolute value and the shift relative to 
graphene match the XPS spectra quite well. The core level binding energy for the 
p4g surface carbide, 283.4 eV, can further be compared with an experimental 
binding energy of 283.2 eV reported for a well-characterized p4g surface carbide on 
a Ni(100) surface (Mårtensson and Nilsson, 1995). To evaluate the presence of other 
types of carbon, C 1s core level binding energies were also computed for CH2* on 
Co(111) and for a carbon atom in the octahedral sites of the second subsurface layer. 
The C 1s binding energy of 284.8 eV for surface CH2* is stronger than for graphene 
and cannot explain the experimental peak at 283.0 eV. Experimentally, a C 1s 
binding energy of 284.9 eV has been reported for CH2* groups on Co (Solymosi and 
Kovács, 1993). The DFT-PBE C 1s core level binding energy for subsurface carbon 






















Figure 4.4. C 1s XPS spectra for a 20 wt% Co/-Al2O3 catalyst, after calcination in 
air (▬), and after 200 hours of FTS (▬). The peak around 284.6 eV can be 
attributed to a combination of amorphous and polyaromatic carbon species, while 
the peak around 283.0 eV corresponds to a Co carbide phase.  
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To visualize the carbon deposits on the catalyst surface, the Co catalysts were 
studied with HRTEM, again after extraction of the hydrocarbon waxes. The image in 
Figure 4.5 shows the presence of lamellar carbon deposits with an interlayer spacing 
of about 0.33 nm, similar to the interlayer spacing in graphite (Tománek and Louie, 
1988). However, unlike graphitic carbon, the structure is not perfectly ordered. At 
the fringes of the lamellar carbon, irregular amorphous carbon deposits can be seen 
as well. Previous HRTEM studies of Co/γ-Al2O3 catalysts after FTS in a slurry 
bubble column reactor at somewhat lower temperature and lower CO conversion 
only reported the presence of amorphous carbon deposits, though the corresponding 
TPH characterization did indicate the presence of more resilient carbon species 
































Figure 4.5. Selected HRTEM image for a 20 wt% Co/γ-Al2O3 catalyst after 200 hrs 













4.1.4 Computational Evaluation of the Relative Stability of Various Forms of   
Deposited Carbon 
In this section, DFT-PBE calculations are reported to evaluate the stability of 
different carbon species under FTS reaction conditions. First, the stability of C, CH, 
and CH2 species on the Co(111) terraces are calculated (Table 4.3). Next, the 
stability of atomic carbon, of a p4g surface carbide, and of graphene islands on a 
model stepped surface are evaluated (Table 4.4).  
 
The preferred on-surface adsorption site for C, CH, and CH2 species on the Co(111) 
terraces is calculated to be the hcp hollow site, consistent with reported values from  
Klinke et al. (1998) and Gong et al. (2005). Also the calculated binding energies of  
–658, –610, and –400 kJ/mol, respectively, are comparable to literature values 
(Klinke et al., 1998; Gong et al., 2005). Carbon at the subsurface octahedral sites is 
only 2 kJ/mol more stable than surface carbon, and there is no strong driving force 
for carbon to diffuse to the subsurface sites. The proposed FTS intermediates, CH* 
and CH2* are thermodynamically stable under FTS conditions, and more stable than 
both surface and subsurface carbon. According to Swart et al. (2008), CH* and 
CH2* species can undergo C-C coupling to further gain stability. However, the most 
stable form of carbon on Co(111) terraces is found to be graphene.  
 
To understand the adsorption characteristics of graphene, four high symmetry 
orientations were considered for the graphene overlayers, and all four were 
calculated to have comparable stability. The two most stable structures are included 
in Table 4.3. The other structures are 5 and 9 kJ/mol carbon less stable. Most of the 
carbon binding energy in graphene results from the strong carbon-carbon bonds, 
with a calculated gas phase binding energy of –768 kJ/mol. The interaction energy 
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of a graphene sheet with the Co(111) surface is quite weak at 0.015 J/m2. This value 
can be compared with an interaction energy of 0.023 J/m2 reported in a recent Van 
der Waals DFT study which includes nonlocal dispersion interactions (Vanin et al., 
2010). 
 
Table 4.3. Binding energies and Gibbs free energies of reaction, ∆Gr (500 K, 20 
bar), under FTS conditions for carbon and CHx adsorption on the Co(111) surface at 
0.25 ML. 
Species Binding energy / ∆Gr a 
(kJ/mol C) 
Carbon 




On-surface (hcp hollow) 
 
CH2 
On-surface (hcp hollow) 
 
Grapheneb 
Carbon at fcc hollow and atop site 




–660 / –6 
 
 






–769 / –115 
–770 / –116 
aGibbs free energy of reaction for CO(g) + (x/2+1) H2(g) ↔ CHx* + H2O(g), Equation 
(3.2).  
bCarbon coverage of 2.0 ML. 
 
Next, the stability of carbon on a stepped Co surface was evaluated (Figure 4.6 and 
Table 4.4). The binding energy at the hollow fcc site on the lower terrace of this 
surface (H) is –650 kJ/mol, similar to the –658 kJ/mol on the Co(111) terrace (Table 
4.3). Also the binding energy at the fcc site near the step edge (E2) and at the 
subsurface octahedral sites (Sub) are comparable to the values determined for the 
Co(111) surface. The most stable adsorption site on the stepped surface is the step 







    
 
 
Figure 4.6. Adsorption sites on a stepped Co surface created by removing four rows 
of surface Co atoms from a three layer, p(2x8) Co(111) slab. Top (A) and side view 
(B). S denotes step sites, E1 and E2 are near-step hollow sites, Sub is a subsurface 
site, and H indicates an hcp hollow site on the lower terrace.  
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–747 kJ/mol for a coverage of 25%. Carbon at the near-edge hcp hollow site (E1) 
does not remain above the surface, but sinks into the Co surface and initiates a p4g 
type clock reconstruction of the (111) facet, as illustrated in Table 4.5. The 
optimized structure resembles the structure determined by LEED for carbon 
adsorption on Ni(100), with the carbon atom located approximately 0.1 Å above the 
surface (Onuferko et al., 1979). The reconstruction is driven by the enhanced carbon 
binding energy at the E1 site. Indeed, the energy cost to reconstruct the step edge to 
a clock-like structure is approximately 64 kJ/mol. This energy cost is more than 
compensated by the 115 kJ/mol increase in the carbon binding energy at the new 4-
fold hollow sites. A critical carbon surface concentration of 0.5 ML has been 
reported to initiate a p4g clock reconstruction on Ni(100) (Klink et al., 1993). Also 
on the stepped Co(111) model surface, a high step coverage is required to stabilize 
the p4g reconstruction (Table 4.3).  
 
Table 4.4. Carbon binding energy and Gibbs free energy of reaction, ∆Gr (500 K, 20 
bar), under FTS conditions on a stepped Co surface (Figure 4.6).  
Binding energy / ∆Gra 
(kJ/mol carbon) 
Adsorption site 
p(4x8) unit cell p(2x8) unit cell 
Step site (S) 
Subsurface (Sub) 
P4g clock reconstruction (E1)  
Fcc hollow near edge (E2) 
–747 / –93 
 
–662 / –8b 
–715 / –61 
–652 / +2 
–697 / –43 
–653 / +1 
aGibbs free energy for CO(g) + (x/2+1) H2(g) ↔ CHx* + H2O(g), Equation (3.2).  
bNo reconstruction was observed at lower step coverages. 
 
The calculations reported in Tables 4.3 and 4.4 indicate that extended graphene 
islands, carbon at step sites, and a p4g surface carbide are thermodynamically stable 
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under typical FTS conditions with Gibbs free energies of reaction of –116, –61, and 
–43 kJ/mol, respectively. Experimental XPS and HRTEM data reported in Figures 
4.4 and 4.5 further indicate the presence of a polyaromatic phase and of a surface 
carbide phase after FTS. Since both graphene islands and a p4g clock reconstruction 
are found to nucleate from step sites on a stepped Ni surface (Bengaard et al., 1999, 
2002; Besenbacher et al., 1998; Andersson and Abild-Pedersen, 2007; Nakano and 
Nakamura, 2001; Vang et al., 2006), we next consider the stability of an extended 
p4g surface carbide (Table 4.5) and of graphene strips (Table 4.6) for a stepped Co 
surface. 
 
Various combinations of carbon at the p4g clock sites and at the step sites were 
considered; only the most stable structures are summarized in Table 4.5. The 
calculations indicate that the formation of an extended p4g surface carbide is highly 
favorable with a converged binding energy of about –750 kJ/mol. While the average 
Gibbs free energy to form a single row of p4g surface carbide near the step edge is –
43 kJ/mol (Table 4.4), the driving force increases to –92 kJ/mol for two rows, and –
96 kJ/mol for three rows. To evaluate the convergence of the carbon binding energy, 
a slab with 6 Co rows in the top layer of a p(2x8) unit cell was used. Computed 
Gibbs free energies of –97 kJ/mol for four rows and –98 kJ/mol for five rows of 
carbon indicate that the binding energies are converged.  Though carbon adsorption 
at the step sites is more favorable than a single row of p4g surface carbide, the 
formation of a second row of p4g surface carbide is 12 kJ/mol more favorable than 
adsorption at the step sites near the first row of p4g surface carbide (Table 4.5). A 
similar preference was computed for three rows of carbon. Note that the p4g clock 
reconstruction of the step edge also increases the carbon binding energy at the step 
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from –715 kJ/mol (Table 4.4) to –771 kJ/mol (Table 4.5), as it did for carbon at the 
hollow site. The calculations further indicate that the p4g surface carbide favors a 
row-by-row growth mechanism from the steps. Indeed, occupying the clock sites at 
rows 1, 2, and 3 is 36 kJ/mol more favorable than occupying rows 1, 2, and 4 (Table 
4.5). This is consistent with the ordered p4g clock reconstruction that grows from 
step defects on a Ni surface after CO and ethylene decomposition, as observed with 
STM (Nakano and Nakamura, 2001; Vang et al., 2006). 
 
Table 4.5. Carbon binding energies and Gibbs free energies of reaction, ∆Gr (500 K, 
20 bar), under FTS conditions for carbon adsorption at step sites and for a p4g clock 
surface carbide on a stepped Co surface. Squares are used to indicate p4g clock sites. 
Adsorption structure Binding energy / ∆Gra 
(kJ/mol C) 




–734 / –80 




–746 / –92 
 










Table 4.5, continued. Carbon binding energies and Gibbs free energies of reaction, 
∆Gr (500 K, 20 bar), under FTS conditions for carbon adsorption at step sites and for 
a p4g clock surface carbide on a stepped Co surface. Squares are used to indicate 
p4g clock sites. 
Three carbon atoms/unit cell: Clock 
 
–750 / –96 




–743 / –89 




–751 / –97b 
 




–752 / –98b 
 




–738 / –84b 
aGibbs free energy for the CO(g) + (x/2+1) H2(g) ↔ CHx* + H2O(g), Equation (3.2). 




Instead of diffusing into the step sites to form a surface carbide, carbon atoms can 
also grow out of the steps sites to form graphene islands. In this paragraph, we will 
discuss the stability of graphene strips of 1, 3, 5, and 7 carbon atoms wide, and 
consider the effect of hydrogen termination on their stability. The DFT-PBE results 
are summarized in Table 4.6. Based on our simulations, extended graphene islands 
are the most stable form of carbon on Co, with a free energy of reaction of –116 
kJ/mol under FTS conditions. They are more stable than the extended p4g surface 
carbide, with a stability of about –98 kJ/mol. However, small islands of graphene are 
significantly less stable. The formation of graphene islands on a catalyst surface can 
therefore be described as a typical nucleation and growth process, and step sites 
have been identified as possible nucleation centers (Bengaard et al., 1999, 2002; 
Besenbacher et al., 1998). A first set of calculations evaluates the stability of a single 
row of carbon atoms at the step sites. For a step coverage of 100%, carbon is 87 
kJ/mol less stable than for a step coverage of 25%, 86 kJ/mol less stable than two 
rows of p4g surface carbide, and 109 kJ/mol less stable than extended graphene 
islands. However, the stability increases as the graphene strips become wider. The 
first aromatic ring can be closed for 3 rows of carbon, and the stability becomes –32 
kJ/mol. For 5 rows of carbon, the second ring can be closed, and the average 
stability reaches –48 kJ/mol. This is still significantly less stable than an equivalent 
island of p4g surface carbide. The low stability of the graphene strips can be 
attributed to the unsaturated edge sites (Bengaard, 2002; Xu and Saeys, 2006). To 
reduce the unsaturation of the edge sites and gain stability, the graphene strips 
typically form arch-like structures (Table 4.6). However, an alternative way to 
reduce the unsaturation of the edge carbon atoms is by hydrogenation. To evaluate 
this option, we calculated the stability of hydrogen terminated graphene strips, again 
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using Equation (3.2). Hydrogen termination enhances the stability of graphene strips 
by 44 kJ/mol carbon for 3 rows of carbon and by 32 kJ/mol carbon for 5 rows. 
Moreover, hydrogen termination causes the graphene strips to become parallel to the 
Co surface, with an average graphene to surface distance of about 2.1 Å, similar to 
the distance of 2.0 Å for an infinite layer of graphene on Co(111). However, even 
after hydrogen termination, the 3, 5 and 7 carbon atom-wide graphene strips remain 
about 15 kJ/mol carbon less stable than the extended p4g surface carbide.  
 
Table 4.6. Carbon binding energies and Gibbs free energies of reaction, ∆Gr (500 K, 
20 bar), under FTS conditions for the evolution of graphene strips on a stepped Co 
surface.  
Adsorption structure Binding energy / ∆Gra 
(kJ/mol C) 







–660 / –6 







–686 / –32 







–702 / –48 
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Table 4.6, continued. Carbon binding energies and Gibbs free energies of reaction, 
∆Gr (500 K, 20 bar), under FTS conditions for the evolution of graphene strips on a 
stepped Co surface.  
Three rows of carbon atoms, 







n.a. / –76 
Five rows of carbon atoms, 







n.a. / –80 








n.a. / –82b 
aGibbs free energy for the CO(g) + (x/2+1) H2(g) ↔ CHx* + H2O(g), Equation (3.2). 













Supported 20 wt% Co/γ-Al2O3 FTS catalysts were tested in a fixed bed micro-
reactor for 200 hours at 240 ºC, H2:CO = 2 and 20 bar. Over this period, the catalyst 
lost 30 % of its maximum FTS activity with a first order deactivation coefficient of  
–1.7x10–3 hr–1. Post-reaction characterization indicates that two types of resilient 
carbon species have formed on the catalyst. C 1s XPS spectra suggest that a surface 
carbide phase and a polyaromatic carbon phase remain on the catalyst after wax 
extraction. The C 1s binding energies of 283.0 and 284.6 eV, compare well with 
DFT-PBE calculated core level binding energies of 283.4 eV for a surface p4g 
carbide phase and 284.5 eV for extended graphene islands. HRTEM images further 
confirm the presence of lamellar carbon species on the catalyst after reaction. The 
stability of various carbon species under reaction conditions was evaluated using 
DFT-PBE. Extended graphene islands and a p4g surface carbide were found to be 99 
and 79 kJ/mol more stable than surface CH2 groups. Both carbon phases initiate and 
grow from step sites. Carbon atoms can diffuse into the step sites to form the p4g 
surface carbide, or grow out of the steps to form graphene strips. Though extended 
graphene islands are very stable, small graphene strips are significantly less stable 
due to the unsaturated edge sites. Hydrogen termination of the edge carbon atoms 
enhances the stability of the graphene strips, but even a hydrogen terminated, 8 Å 
wide graphene strip remains 15 kJ/mol carbon less stable than an equivalent, 14 Å 
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EFFECT OF BORON PROMOTION ON THE 
STABILITY OF COBALT FISCHER-TROPSCH 
CATALYST 
5.1 Results and Discussion 
First, the stability of boron on Co terraces and at step sites is evaluated using DFT-
PBE. Next, the effect of boron at step and at p4g clock sites on the stability of 
carbon at neighboring sites is calculated. The calculations indicate that, similar to 
carbon, boron induces a p4g clock reconstruction initiating from the step-edges. 
Furthermore, boron at p4g clock sites reduces the stability of nearby carbon atoms 
and hence destabilizes the formation of resilient carbon deposits at the step edges. 
Based on this mechanistic insight, boron is proposed as a potential promoter to 
enhance the stability of Co catalysts. In order to evaluate the theoretical predictions, 
a series of 20 wt% Co/γ-Al2O3 catalysts were promoted with various amounts of 
boron, characterized, and tested in a fixed bed micro-reactor for 200 hours during 
FTS. After FTS, the catalysts were characterized by TPH and C 1s XPS to evaluate 
the amount and nature of the resilient carbon deposits. 
 
5.1.1. Computational Study of the Stability of Boron on a Co Surface 
Boron binding energies and thermodynamic stabilities at terrace and step sites are 
summarized in Table 5.1. Similar to carbon, on-surface boron adsorbs preferentially 
at the hcp hollow site on Co(111). However, surface boron atoms are calculated to 
be unstable under FTS conditions, and can gain stability by hydrogenation to B2H6. 
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At a low coverage, subsurface boron is even less stable than on-surface boron. 
However, while the surface binding energy gradually decreases from −535 to −519 
kJ/mol with increasing coverage, the binding energy at the subsurface octahedral 
sites gradually increases from −519 to −616 kJ/mol. Already at 0.5 ML coverage, the 
subsurface sites are preferred over the surface sites. Additional calculations with a 
larger p(2x8) unit cell further confirm the gradual increase in subsurface boron 
binding energies when two subsurface boron atoms are gradually brought closer to 
one another. This suggests that subsurface boron atoms prefer to form subsurface 
clusters rather than distribute evenly, as was also calculated for a Ni(111) surface 
(Xu and Saeys, 2009).  
 
Table 5.1. Boron binding energies and Gibbs free reaction energies under FTS 
conditions, ∆Gr (500 K, 20 bar), for Co terraces and for a stepped Co surface. 
Adsorption site Binding energy / ∆Gra 
(kJ/mol) 
Terrace sites. Coverage: 0.25 ML 0.50 ML 0.75 ML 1.0 ML 
On-surface (hcp hollow) −535 / +28 −528 / +33 −522 / +39 −519 / +44 
Subsurface (octahedral) −519/ +44 −565 / −2 −596 / −33 −616/ −53b 
     
Stepped surface. Coverage: 25 % 50 %   
Step site (B5) − 651 / −88 − 590 / −27   
Subsurface (near edge octahedral)   −550 / +13   
Near edge (hcp hollow) − 543 / +20 −588 / −25c   
Near edge (fcc hollow)  −540 / +23   
aGibbs free energy for  1/2B2H6(g) ↔ B* + 3/2H2(g), Equation (3.3).  
bInduces a surface reconstruction by boron-boron pair interactions.  
cInduces a p4g clock reconstruction. 
 
At high concentrations, subsurface boron atoms in neighboring octahedral sites can 
interact. This interaction greatly increases the stability of subsurface boron to −53 
kJ/mol and subsurface boron becomes 30 kJ/mol more stable than bulk boron oxide 
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(B2O3) (Saeys et al., 2010). A similar effect was found for subsurface boron on 
Ni(111), where a high concentration of subsurface boron is 76 kJ/mol more stable 
than on-surface boron (Xu and Saeys, 2006; 2009). The boron-boron interaction 
leads to a minor surface reconstruction for both Co(111) and Ni(111), whereby 
boron atoms in neighboring octahedral sites form rows of boron pairs and raise the 
Co and Ni surface atoms between them (Xu and Saeys, 2009; Saeys et al., 2010). 
The critical concentration that leads to this minor surface reconstruction on both 
Co(111) and Ni(111) surfaces appears to be close to 1.0 ML, as depicted in Figure 
5.1. Indeed, the structures for 0.75 ML and 0.5 ML in Table 5.1 do not show a 






















Table 5.2. Boron binding energies and Gibbs free reaction energies under FTS conditions, ∆Gr 
(500 K, 20 bar), (kJ/mol) for adsorption on a stepped p(2x8) Co unit cell. 
Two boron atoms/unit cell Three boron atoms/unit cell 
Step and clock Clock Step and clock Clock 
 
−603 / −40a 
 
−611 / −48a 
 
−613 / −50a 
 
−618 / −55a 
Four boron atoms/unit cell Five boron atoms/unit cell 
Step and clock Clock Step and clock Clock 
 
−618 / −55a 
 
−621 / −58a 
 
−620 / −57a 
 
−622 / −59a 
Five rows of boron atoms/unit cell 
Subsurface octahedral 
Five rows of boron atoms/unit cell 
Step and subsurface octahedral 
    
−617 / −54a −607 / −44a 
















































Next, the stability of boron was evaluated for a stepped Co surface. Boron binds 
strongly at B5 step sites for a low step coverage, and the driving force to move from 
the surface sites to the step sites is 116 kJ/mol. This value is larger than the driving 
force calculated for carbon, 89 kJ/mol (Tan et al., 2010). At a low coverage, the 
stability of boron at the hcp hollow site near the step edge, +20 kJ/mol, is 
comparable to the value calculated for the Co(111) terraces, +28 kJ/mol. At a higher 
coverage, boron atoms placed initially at the hcp hollow site near the step edge relax 
to induce a p4g clock reconstruction. In a p4g clock reconstruction, the surface 
atoms undergo small displacements to create a regular mixture of 3- and 4-fold 
hollow sites (Onuferko and Woodruff, 1979). The increased boron binding energy at 
the 4-fold hollow site more than compensates the energy cost for this reconstruction. 
The boron atoms at the four-fold hollow sites are nearly co-planar with the surface 
Co atoms and also interact with the Co atom below the hcp hollow site. A similar 
reconstruction is also favorable for carbon on stepped Co (Tan et al., 2010) and Ni 
(Xu and Saeys, 2009) surfaces, as well as for boron on a stepped Ni surface (Xu and 
Saeys, 2009). Again, calculation shows that the chemisorption properties of boron 
and carbon resemble one another. 
 
Since boron atoms bind strongly near step sites, the adsorption of additional boron 
atoms on a stepped Co surface is explored next. Various combinations are shown in 
Table 5.2. For two boron atoms in a p(2x8) unit cell, the configuration with both 
boron atoms at p4g clock sites is more stable than the configuration with one atom at 
the step site and one at a p4g site. This is surprising since step sites are slightly 
preferred over p4g clock sites for individual boron atoms (Table 5.1). However, the 
binding energy at a p4g site consists of an energy cost to reconstruct the step edge, 
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+77 kJ/mol for the near edge p4g site, and a strong binding energy of –665 kJ/mol at 
the reconstructed 4-fold hollow site. The energy cost to form the first p4g clock site 
is rather high, leading to a relatively low binding energy of –588 kJ/mol for the near 
edge p4g site (Table 5.1). The reconstruction energy cost for the second and the third 
p4g clock site are significantly lower at 30 and 34 kJ/mol, respectively, and the 
overall binding energies hence increase to −634 kJ/mol for the second row of boron 
and to about −632 kJ/mol for the third, fourth and fifth row. The binding energy at 
the reconstructed step sites also increases from −590 to −618 kJ/mol for a single row 
of boron at the p4g clock sites, and to about −616 kJ/mol for a fully developed p4g 
clock reconstruction. However, the increase in the binding energy for the step sites is 
smaller than for the p4g sites. An extended p4g clock boride is hence 60 kJ/mol 
boron more stable than B2H6 and 37 kJ/mol boron more stable than bulk B2O3 under 
FTS conditions. The stability of the p4g surface boride, −59 kJ/mol, is comparable 
with the stability for a monolayer of subsurface boron after a surface reconstruction, 
−53 kJ/mol (Table 5.1). To evaluate the stability of subsurface boron near the step 
edges, two different model structures consisting of five rows of subsurface boron 
were studied (Table 5.3). In the first structure, all the boron atoms occupy subsurface 
octahedral sites. The calculated stability, −54 kJ/mol, is similar to the value 
calculated for the terraces (Table 5.1). The structure in Table 5.2 also illustrates the 
Co(111) surface reconstruction, whereby one row of Co atoms is raised by 0.64 Å. 
The second structure with four rows of octahedral boron and one row of boron at the 
step sites is significantly less stable. Indeed, the boron binding energy at the step 
edges is only −567 kJ/mol, in agreement with the low boron binding energy for a 
step coverage of 100 %.  
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The formation of a surface cobalt boride is hence thermodynamically favorable after 
impregnation and reduction of the boron promoted Co catalysts. The experimental B 
1s XPS spectra for the promoted Co catalysts after reduction at 500 ºC indeed show 
a peak around 188.1 eV, consistent with the B 1s core level binding energy 
calculated for the p4g clock structure, 187.8 eV. A B 1s core level binding energy of 
187.0 eV was calculated for a monolayer of subsurface boron on the reconstructed 
surface, while a binding energy of 186.5 eV was calculated for boron at the B5 step 
sites. Both values are slightly lower than the center of the experimentally observed 
value. To illustrate the accuracy of the core level binding energy calculations, we 
also computed the core level binding energy for the bulk cobalt boride structure, 
Co2B (Wyckoff, 1960). The calculated binding energy of 188.2 eV is in good 
agreement with the experimental value of 188.1 eV (Mavel et al., 1973).  
 
The calculations reveal a strong similarity between carbon and boron adsorption on 
Co catalysts. Carbon at the step sites is more stable than a single row of carbon at 
the near-edge p4g clock sites, but the stability of p4g carbon increases by 55 kJ/mol 
for a more extended p4g reconstruction. The same trend is found for boron, and an 
extended p4g clock reconstruction is 40 kJ/mol more stable than boron at the step 
sites. The thermodynamic stability of the p4g clock boride under FTS conditions and 
the similarity between boron and carbon adsorption indicate that blocking the near 
edge sites with boron before exposure to carbon might affect the adsorption and 






Table 5.3. Effect of boron on the carbon binding energies and stabilities under FTS conditions, 
∆Gr (500 K, 20 bar), (kJ/mol) at nearby step and p4g clock sites on a stepped p(2x8) Co surface.  
Carbon at a step site Carbon at a clock site 
With boron Without boron With boron Without boron 
 




−589 / +65a 
 
−697/−43a 









aCarbon binding energy / Gibbs free energy for CO(g) + H2(g) ↔ C* + H2O(g), Equation (3.2). 
bCombined boron and carbon binding energy / Gibbs free energy for CO(g) + 1/2B2H6(g) ↔ C* + B* 
+ 1/2H2(g) + H2O(g) 
 
The effect of boron at the p4g sites on the stability of carbon at nearby sites is 
evaluated next (Table 5.3). The presence of boron at the near-edge p4g sites is 
calculated to reduce the binding energy of carbon at the nearby step sites by 160 
kJ/mol. This makes the adsorption of carbon species at the step sites unfavorable 
under FTS conditions. Note that a row of carbon at the near-edge p4g clock sites 
increases the stability of carbon at the step sites by 56 kJ/mol (Tan et al., 2010). To 
illustrate the effect of boron at the near-edge p4g clock sites, a carbon atom was 
initially adsorbed on the lower terraces of a stepped p(2x8) surface and then moved 
towards the step edge. The binding energy of −664 kJ/mol at the lower terrace is 
quite similar to the value of −658 kJ/mol for a 3-layered slab (Table 4.3). Next, the 
carbon atom was moved from the lower terrace towards the clean B5 step site and 
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the binding energy increases to −715 kJ/mol (Table 4.4). Next, these calculations 
were repeated on a stepped surface modified by a row of near-edge p4g carbon 
atoms. For this surface, the carbon binding energy on the lower terrace is also −664 
kJ/mol. However, the binding energy increases by 107 kJ/mol to −771 kJ/mol when 
the carbon atom moves from the lower terrace to step site modified by p4g carbon 
atoms. Finally, this calculation was repeated for a stepped surface modified by p4g 
boron atoms. The carbon binding energy on the lower terrace remains at −664 
kJ/mol. However, in the presence of boron at the p4g sites, the carbon binding 
energy decreases by 109 kJ/mol to −555 kJ/mol when the carbon atom is moved 
from the lower terrace to the step site (Table 5.3), indicating that the presence of 
boron at the near-edge p4g clock sites destabilizes carbon deposition at the B5 step 
sites. The effect of boron and carbon at the near-edge p4g sites on the carbon 
binding energy can be understood using the d-band model (Hammer and Nørskov, 
1995). The higher carbon binding energy at the step sites relative to the terrace sites 
follows from the higher d-band center at the step-edges. Reconstruction of the step 
edges to form a p4g clock carbide structure further increases the d-band center by 
0.06 eV, leading to a 56 kJ/mol increase in the carbon binding energy. However, 
boron at the p4g clock sites shifts the d-band center away from the Fermi level by 
about 0.5 eV, thereby decreasing the carbon binding energy by 160 kJ/mol. The 
different effect of carbon and boron at the p4g sites can be understood from the 
charge density on the Co atoms at the step edges. Carbon is more electronegative 
than boron, and carbon withdraws 0.6 electrons more from the step edge Co atoms 
than boron. The increased charge density on the step Co atoms next to boron leads to 
a lower d-band center and hence a lower carbon binding energy. The calculations 
further indicate that the presence of boron atoms at the p4g clock sites reduces the 
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stability of carbon at nearby clock sites by 108 kJ/mol, and carbon adsorption at 
nearby p4g clock sites also becomes thermodynamically unfavorable. Again, this 
trend follows from a downward shift in the center of Co d-band in the presence of 
boron. In addition to blocking sites for the adsorption of resilient carbon species, 
boron is hence predicted to destabilize carbon adsorption at nearby sites. 
 
Finally, to evaluate if boron is stable at the p4g clock and step sites in the presence 
of carbon, we compared the stability of a configuration with boron at the p4g site 
and carbon at a nearby terrace site with the inverse configuration (Table 5.3). First, it 
should be noted that removing boron from step, subsurface, or p4g clock sites to gas 
phase B2H6 is unfavorable by about 60 kJ/mol (Tables 5.1 and 5.2). Though surface 
CH* and CH2* species can gain about 80 kJ/mol in stability by moving to the p4g 
clock sites (Tan et al., 2010), this process is likely associated with a kinetic barrier 
because of the low stability of carbon near p4g boron species, and the low stability 
of surface boron species. Indeed, the configuration with boron at the p4g site and 
carbon at a nearby fcc terrace site is 53 kJ/mol less stable than the configuration in 
which they are well-separated. The former configuration is also 46 kJ/mol more 
stable than the configuration with carbon at the p4g site and boron at the nearby fcc 
terrace site (Table 5.3). A similar preference is found when the stability of boron at 
the step edge and carbon at the nearby hollow site is compared with the inverse 
configuration. The calculations hence suggest that a p4g surface cobalt boride is 
stable under FTS conditions and that displacement of boron atoms by surface carbon 




To evaluate the predicted effect of a boron promoter on the deposition of resilient 
carbon species, a series of boron promoted Co catalysts was characterized with XPS, 
TPR, hydrogen chemisorption and CO DRIFTS, and finally tested during FTS. After 
reaction, the catalysts were characterized using XPS and TPH to evaluate the 
amount and the nature of the resilient carbon species formed on the Co catalyst, and 
with ICP-OES to confirm that carbon was unable to displace the boron promoter. 
 
5.1.2. Catalyst Characterization 
First, the effect of boron on the reducibility of the 20 wt% Co/γ-Al2O3 catalysts is 
evaluated. The TPR profiles in Figure 5.2 are typical for Co catalysts promoted with 
small amounts of Pt to enhance their reducibility (Saib et al., 2006; Tan et al., 2010; 
2011; Jacobs et al., 2002). A low and a high temperature reduction peak were 
observed for all catalysts. However, the position and the magnitude of the peaks 
depend on the boron concentration. The TPR profile of Co/γ-Al2O3 catalysts has 
been well characterized and the reduction peaks at 260 °C and at 440 °C correspond 
to a two step reduction process (Jacobs et al., 2002). The first peak is often attributed 
to the reduction of Co3O4 to CoO, while the second peak corresponds to the 
reduction of CoO to metallic Co. The TPR profiles indicate that a reduction 
temperature above 500 ºC might be required to fully reduce the Co catalysts, in 
particular for higher boron concentrations. In supported Co catalysts, the formation 
of cobalt support compounds can affect the reducibility of the Co catalyst, 
(Jongsomjit et al., 2001) leading to high temperature reduction peaks (>800 ºC) in 














Figure 5.2. Effect of boron promotion on the Temperature Programmed Reduction 








However, our TPR profiles for boron promoted and unpromoted Co/γ-Al2O3 
catalysts did not show such high temperature peaks. The TPR profile for the Co/γ-
Al2O3 catalyst promoted with 0.5 wt% boron closely resembles the profile for the 
unpromoted catalyst, except for a slight increase in reduction temperatures. 
Promotion with 2.0 wt% boron has a more significant effect on the reduction profile 
and seems to decrease the reducibility of the Co catalyst. H2 chemisorption 
measurements taken after reduction in flowing H2 for 2 hours at 500 ºC confirm that 
promotion with 2.0 wt% boron reduces the hydrogen uptake by 25%, while 
promotion with 0.5 wt% boron changes the hydrogen uptake by less than 10 % 
(Table 5.4).  
Table 5.4. Particle size, dispersion, hydrogen uptake and normalized CO DRIFTS 
intensity for 20 wt% Co/γ-Al2O3 catalysts, promoted with different amounts of 
boron.  
H2 chemisorption XRD CO DRIFTS Promoter 











Unpromoted 161 9.5 10.5 18.2 13.6 1.00 
0.5 wt% B 148 8.7 11.4 18.9 14.2 0.97 
2.0 wt% B 121 7.2 13.9 18.7 14.1 0.38 
aDispersion determined from the H2 uptake data using Equation (3.22). 
bd(Co3O4) determined using Scherrer’s formula, Equation (3.23). 
cd(Co) is determined using Equation (3.24). 
 
This observation is supported by the CO DRIFT spectra shown in Figure 5.3. The 
CO stretching peak near 2045 cm-1 is characteristic for CO adsorption at metallic Co 
sites (Morales et al., 2007). Promotion with boron leads to a modest 5 cm-1 shift in 
the peak position, indicating that boron has a limited effect on the nature of the CO 
adsorption sites. However, a higher boron concentration significantly reduces the 
intensity of the DRIFT spectra (Figure 5.3 and Table 5.4). This reduction is possibly 










Figure 5.3. Effect of boron promotion on the CO DRIFT spectra after exposure of 
20 wt% Co/γ-Al2O3 catalysts to a 2 % CO/Ar mixture at atmospheric pressure and 
25 ºC.  
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boron, as suggested by the lower reducibility observed in TPR and the reduced 
hydrogen uptake. 
 
The effect of boron on the dispersion and particle size was also estimated from H2 
chemisorption data and from XRD (Table 5.4). An average Co particle size of 14 nm 
was determined for all catalysts by XRD, and this value did not change significantly 
with boron promotion. This is not unexpected since boron was introduced in a 
separate, second impregnation step, after calcination of the catalyst samples. The 
average particle size determined by H2 chemisorption for the unpromoted Co 
catalyst, 11 nm, is slightly smaller than the value obtained by XRD, suggesting a 
nearly complete reduction of the Co particles. The particle size determined by H2 
chemisorption increases slightly for 0.5 wt% boron, and increases to 14 nm for 2.0 
wt% boron, indicating that the H2 uptake is reduced for higher boron concentrations. 
This is consistent with the TPR profiles which showed a lower reducibility of the Co 
catalysts with 2.0 wt% boron. 
 
Finally, the nature of the boron promoter after reduction of the catalysts for 2 hours 
in flowing H2 at 500 ºC was investigated with XPS. XPS spectra for three samples 
are shown in Figure 5.4; a 20 wt% Co/γ-Al2O3 catalyst promoted with 0.5 wt% 
boron, a Co/γ-Al2O3 catalyst promoted with 2.0 wt% boron to enhance the B 1s XPS 
signal, and a γ-Al2O3 support loaded with 2.0 wt% boron as a reference sample. All 
three samples were prepared and reduced following the procedure described in Xu et 
al., (2009). The reference 2.0 wt% B/γ-Al2O3 sample shows a single B 1s peak at 
191 eV, characteristic for boron oxide (Jimenez et al., 1998). A similar peak is 









Figure 5.4. Boron 1s XPS spectra for boron promoted 20 wt% Co/γ-Al2O3 catalysts 
and for a reference γ-Al2O3 support impregnated with 2.0 wt% boron, after reduction 
in 50 Nml/min H2 at 500 °C. The experimental signal (—) has been deconvoluted 
using gaussian profiles (▬ and ▬) centered at the position of boron oxide (191 eV) 









binding energy is also observed for the catalyst samples. Deconvolution of the XPS 
signal for the catalyst with 2.0 wt% boron leads to a second peak with a B 1s 
binding energy of about 188.1 eV. χ2 which is used to measure the goodness of fit 
between multiple and single peak Gaussian curves, returns a higher value (> 0.99) 
for multiple peaks in Figure 5.4, indicating that the observed shoulder at lower 
binding energy strongly correlates to a new peak. The binding energy for this new 
peak is characteristic for a reduced cobalt boride phase, and agrees with the binding 
energy reported for Co2B, 188.1 eV (Mavel et al., 1973). Note however that bulk 
cobalt boride, Co2B, is calculated to be about 30 kJ/mol less stable than the surface 
p4g cobalt boride. To help identify the nature of this reduced boron species, B 1s 
core level binding energies were calculated for the different forms of adsorbed boron 
discussed in the previous section. A B 1s core level binding energy of 187.8 eV was 
calculated for the extended p4g clock boride, and the surface cobalt boride is hence a 
likely candidate for the observed cobalt boride species. Boron at the step sites has a 
calculated B 1s core level binding energy of 186.5 eV, while the value for a 
monolayer of subsurface boron is 187.0 eV. The latter values are somewhat lower 
than the B 1s binding energy in the XPS spectra. The relative integrated intensities 
suggest that about 15% of the surface boron is reduced for the catalyst with 0.5 wt% 
boron and about 19% for the catalyst with 2.0 wt% boron. The observed partial 
reduction of the boron promoter is consistent with values reported by Xu et al. for 
supported Ni/γ-Al2O3 catalysts promoted with 1.0 wt% boron (Xu et al., 2009). 
Since boron belongs to the group of Al, boron oxide can be expected to interact 
strongly with the γ-Al2O3 support, and therefore only boron atoms interacting with 
Co particles can be reduced. Note that 15 % of 0.5 wt% boron corresponds to an 
equivalent Co coverage of 0.2 ML for a 20 wt% Co/γ-Al2O3 catalyst with a 
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dispersion of 9.5 %, and should hence be sufficient to occupy the near edge p4g sites 
of the Co catalysts.  
 
The characterization studies suggest that promotion with 0.5 wt% boron has only a 
modest effect on the reducibility, the hydrogen uptake, and the CO chemisorption for 
a 20 wt% Co/ γ-Al2O3 catalyst. Reduction at 500 ºC converts about 15 % of the 
boron oxide to a surface Co boride, leading to an equivalent boron coverage of 0.2 
ML on the Co particles. Promotion with 2.0 wt% boron affects the catalyst 
properties more drastically and is expected to change the FTS activity and 
selectivity.  
 
5.1.3. Effect of Boron Promotion on the Catalyst Activity, Selectivity and 
Stability 
 
The FTS activity, selectivity and stability of the Co catalysts were evaluated for 200 
hours at 240 ºC, 20 bar and a H2:CO ratio of 2. Figure 5.5A shows the effect of 
boron promotion on the CO conversion as function of time on stream. The 
hydrocarbon selectivity after 24 hours is given in Table 5.5. The temperature 
selected in our experiments is slightly higher than the temperature of 230 ºC used to 
study catalyst deactivation in Sasol’s pilot-scale bubble column reactor (Saib et al., 
2006; Moodley et al, 2009), and somewhat higher than industrially used 
temperatures between 210 and 220 ºC (Iglesia, 1997; van Berge and Everson, 1997; 
Iglesia et al., 1993). However, slightly higher temperatures are common in catalyst 
stability tests (Zhang et al., 2007; Cooper and Trimm, 1980), and has the benefit of 
allowing evaluation of the catalyst stability in a shorter period. 
 
Promotion with 0.5 wt% boron has a limited effect on the CO conversion and the 
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C5+ selectivity during the first 30 hours of the reactor test (Table 5.5). During the 
first 24 hours, the CO conversion increases from about 55 % to 96 % for the 
unpromoted catalyst and to 92 % for the promoted catalyst. The initial increase in 
the activity might be due to a further reduction and/or a surface reconstruction of the 
Co catalyst under reducing syngas conditions (Tsakoumis et al., 2010; Wilson and de 
Groot, 1995). A slight increase in CO conversion from 80 to 120 hours could be 
attributed to the back pressure adjustment by the pressure regulator. Using the 
dispersions reported in Table 5.4, a reactor average CO turnover frequency (TOF) of 
37x10-3 s-1 was calculated for both catalysts. This value is comparable with the TOFs 
reported in the review by Ribeiro et al. (1997). Using the power law kinetic model 
proposed by Ribeiro et al., the TOF reported for a 15 wt% Co/γ-Al2O3 catalyst at 
215 °C and 8.2 bar can be extrapolated to a value of 25x10-3 s-1 for this reaction 
condition (Ribeiro et al., 1997). A significantly lower maximum CO conversion of 
31 % was obtained for Co catalysts promoted with 2.0 wt% boron. This lower 
activity is consistent with the reduction in the number of active sites as indicated by 




















Figure 5.5. Effect of boron promotion on the CO conversion as a function of time 
on stream for a 20 wt% Co/γ–Al2O3 FTS catalyst. (a) Long term stability test. 
Reaction conditions: 240 °C, 20 bar, H2:CO ratio of 2.0, Wcat/Ftotal = 7.5 gcath/mol 
and duration of 200 hours. The decrease in conversion is described by a first order 
deactivation model (―) and the first order deactivation rate coefficients, k, are 
indicated. (b) To evaluate the effect of boron promotion on the FTS activity and 
selectivity at lower CO conversion, the catalysts were evaluated for a higher 
flowrate, Wcat/Ftotal = 3.8 gcath/mol, for 48 hours. 
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Table 5.5. Hydrocarbon selectivity after 24 hours for 20 wt% Co/γ-Al2O3 catalysts, 






C1 C2-4 C5+ 
Unpromoted 24 16 60 
0.5 wt% B 23 17 61 
2.0 wt% B 37 31 32 
 
 
For the unpromoted catalyst, the CO conversion decreased rapidly from a maximum 
value of 96 % to 81 % after 50 hours on stream and more gradually to 67 % after 
200 hours. The overall deactivation behavior can be described by a first order 
deactivation model with a rate coefficient of 1.7x10-3 hr-1 (Tan et al., 2010). At 230 
ºC, Saib et al. (2006) observed a 20 % decrease in activity during the first 200 hours 
of their 55-day experiment in a 100 barrels/day pilot-scale bubble column reactor, 
slightly lower than the deactivation rate measured here at 240 ºC. In contrast, the 
catalyst promoted with 0.5 wt% boron deactivates much more slowly. The CO 
conversion was 88% after 200 hours, i.e., only marginally lower than the maximum 
CO conversion of 92 %. The deactivation of the promoted catalyst can be described 
by a first order deactivation rate coefficient of 2.7x10-4 hr-1, a more than 6-fold 
decrease compared to the unpromoted catalyst. Promotion with 0.5 wt% boron 
however did not affect the product distribution (Table 5.5). Methane selectivity was 
slightly high at 23%, but consistent with a reaction temperature of 240 ºC (Tan et al., 
2010). Promotion with 2.0 wt% boron not only reduced the CO conversion, but also 
reduced the C5+ selectivity from 60% to 32%. To confirm that promotion with 0.5 
wt% boron does not affect the FTS activity or selectivity, additional experiments at a 
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higher flowrate, Wcat/Ftotal = 3.8 gcath/mol, were performed (Figure 5.5B). After 25 
hours, the unpromoted Co catalyst reached a maximum CO conversion of 54% with 
a CH4 selectivity of 27% and a chain growth probability of 0.7. After 25 hours, the 
Co catalysts promoted with 0.5 wt% boron reached a maximum CO conversion of 
53% with a CH4 selectivity of 26% and a chain growth probability of 0.7. During the 
first 30 hours, the promoted and unpromoted catalysts are nearly indistinguishable. 
The decrease in the maximum CO conversion from 96% to 54% when the flowrate 
is doubled is moreover consistent with an overall near-first order kinetic model 
(Ribeiro et al., 1997; Froment and Bischoff, 1990). After 30 hours, the unpromoted 
catalyst begins to deactivate and the CO conversion decreases to 41% after 48 hours. 
In contrast, the promoted catalyst does not show any significant deactivation during 
the experiment. Note that the deactivation of the unpromoted Co catalysts during the 
48 hour experiment in Figure 5.5B corresponds to the fast deactivation phase and 
might not be representative for the long term deactivation behavior at those 
conditions. 
 
To evaluate the effect of boron promotion on the nature and the amount of deposited 
carbon, both catalysts were characterized with TPH and C 1s XPS after 200 hours on 
stream. TPH profiles and C 1s XPS data are shown in Figure 5.6. Using TPH, 
different forms of resilient carbon can be distinguished, based on their reactivity 
towards hydrogen (Tan et al., 2010; Moodley et al., 2009; Gruver et al., 2005; Xu 
and Bartholomew, 2005; Gruver et al., 2004; Lee et al., 1988). The low temperature 
peak for the unpromoted catalyst has been attributed to hydrocarbon waxes 
remaining after wax extraction, while surface and bulk carbides are predicted to 
undergo hydrogenation at higher temperatures (Tan et al., 2010; Moodley et al, 
 137 
2009; Gruver et al., 2005; Xu and Bartholomew, 2005; Gruver et al., 2004). The 
resilient carbon deposits that hydrogenate above 400 ºC have been attributed to 
amorphous and poly-aromatic carbon species (Tan et al., 2010; Lee et al., 1988). 
Such carbon deposits were also identified using TEM on the unpromoted catalyst 
after 200 hours of reaction (Tan et. al., 2010; Moodley et al., 2009). Similar lamellar 
carbon deposits could not be found on the boron promoted catalysts. Though the 
temperature at which different carbon species undergo hydrogenation is kinetically 
determined, the calculated relative stability of surface CH2* species, of a p4g surface 
carbide phase, and of extended graphene islands can be converted to temperature 
shifts of approximately 100 °C and 250 °C. This corresponds reasonably well with 






Figure 5.6. Catalyst characterization after 200 hours of FTS. (a) TPH profiles for an 
unpromoted (▬) and boron promoted (▬) 20 wt% Co/γ-Al2O3 catalyst. The 
corresponding coverages for weakly adsorbed, intermediate and resilient carbon 
species are indicated. (b) C 1s XPS spectra for an unpromoted (▬) and a boron 
promoted (▬) catalyst, after wax extraction. The spectrum for a calcined, 
unpromoted catalyst (―) is provided for reference. The peak around 284.6 eV can 
be attributed to a combination of amorphous and poly-aromatic carbon species, 
while the peak around 283.0 eV corresponds to a Co carbide phase. 
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The amount of carbon that hydrogenates below 260 ºC corresponds to an equivalent 
carbon coverage of about 0.32 ML, while an equivalent coverage of 1.26 ML is 
calculated for carbon species that hydrogenate between 260 and 450 ºC. About 0.17 
ML of highly resilient carbon species are detected on the unpromoted Co catalyst 
after 200 hours on stream. Promotion with 0.5 wt% boron reduces the total amount 
of carbon by about 30%. Boron promotion also shifts the peak temperatures to lower 
temperatures, and reduces the amount of highly resilient carbon species that 
hydrogenate above 450 ºC from 0.17 ML to 0.05 ML. Unfortunately, since surface 
carbonaceous species are both reaction intermediates and a possible cause of 
deactivation during FTS, correlating the total amount of deposited carbon 
determined by TPH with the observed catalyst deactivation rate is less 
straightforward than for methane steam reforming over Ni catalysts (Xu et al., 
2009). For Ni catalysts, promotion with 1.0 wt% boron was found to reduce the 
deactivation rate by a factor of 3, and the amount of deposited carbon by a factor of 
5 (Xu et al., 2009). However, the amount of highly resilient carbon species that 
hydrogenates above 450 ºC can be related to the observed catalyst deactivation. 
Indeed, in their study of the deactivation of supported Co catalysts in a slurry bubble 
column reactor, Moodley et al. (2009) were able to correlate the amount of resilient 
carbon that hydrogenates above 400 ºC with the loss in catalyst activity. In our study, 
the 3-fold reduction in the amount of carbon that hydrogenates above 450 ºC 
correlates reasonably well with the observed 6-fold improvement in the deactivation 
rate for the promoted Co catalysts. The downward shift in the initial hydrogenation 
temperature for the promoted catalyst may be due to a higher remaining 
hydrogenation activity of the promoted catalyst. A similar gradual increase in the 
initial hydrogenation temperature with time on stream was also reported by Moodley 
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et al. (2006). To evaluate the possibility of catalyst sintering, the Co particle size and 
dispersion were determined after reaction using H2 chemisorption for the 
unpromoted catalyst. Deposited carbon species were removed by hydrogenation at 
500 ºC for 2 hours under 50 Nml/min H2 before collecting the H2 adsorption 
isotherms. The hydrogen uptake decreased slightly from 161 to 134 µmol/gcat  (Tan 
et al., 2010). Though this could correspond to a 10% increase in the average particle 
size, the decreased hydrogen uptake might well be due to an incomplete removal of 
the carbon deposits after hydrogenation at 500 ºC, as shown by the TPH profiles for 
the unpromoted catalyst (Figure 5.6A).  
 
Boron promotion also affects the C 1s XPS spectra of the catalysts after reaction. 
The spectrum of the unpromoted catalyst in Figure 5.6B shows C 1s peaks at 283.0 
and 284.6 eV. The lower intensity peak at 283.0 eV can be attributed to cobalt 
carbide (Tan et al., 2010; Beitel et al., 1996; 1997) and is fairly close to values 
reported for a p4g clock reconstructed carbide on Ni(100) (Mårtensson et al., 1995). 
The binding energy also corresponds well with the core level binding energy of 
283.4 eV calculated using DFT-PBE for a p4g clock Co carbide (Tan et al., 2010). 
The peak at 284.6 eV can be assigned to amorphous and poly-aromatic carbon 
(Moulder, 1982; Normand et al., 2001) but may also include long chain hydrocarbon 
products remaining on the catalyst surface after wax extraction (Yan et al., 2009). 
The reported XPS binding energy for surface CH2* species on Co(111), 284.9 eV, 
(Solymosi and Kovács, 1993) is indeed only slightly higher than the value for 
graphitic carbon, 284.6 eV. Thus, these species cannot be easily distinguished by 
XPS. Promotion with 0.5 wt% boron reduces the overall XPS intensity, and the 
carbide peak at 283.0 eV can no longer be detected. The peak at 284.6 eV shifts to a 
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higher binding energy of 284.8 eV and has a slightly different shape. This peak 
might correspond to poly-aromatic carbon species, though the higher binding energy 
could also correspond to hydrocarbon products remaining on the catalyst surface 
after wax extraction (Yan et al., 2009). Note that even for a pristine and calcined Co 
catalyst, a C 1s peak at 284.8 eV is found. This peak has been attributed to typical 






















Supported Co catalysts show a gradual loss in activity during FTS. This deactivation 
can, in part, be attributed to the deposition of resilient carbon species. Detailed DFT-
PBE calculations indicate that the relative stability of boron on Co terraces and near 
Co step sites mimics the relative stability of carbon species on the same surface. 
Similar to carbon, boron is calculated to bind strongly at the step sites and to induce 
a p4g clock reconstruction growing from the step edges. Both forms of boron are 
thermodynamically more stable than boron oxide (B2O3) and diborane (B2H6) under 
FTS conditions. The presence of boron atoms at the step and p4g clock sites also 
reduces the stability of carbon at nearby sites by shifting the d-band center away 
from the Fermi level, and displacement of boron atoms at clock and step sites by 
surface carbon atoms is thermodynamically unfavorable. Hence, a surface cobalt 
boride is predicted to be thermodynamically stable during FTS, and small amounts 
of boron are proposed to selectively prevent the adsorption of resilient carbon 
species near the step edges which might lead to catalyst deactivation.  
 
To evaluate this proposal, 20 wt% Co/γ-Al2O3 catalysts were promoted with 0.5 and 
2.0 wt% boron, carefully characterized, and tested during FTS in a fixed bed micro-
reactor at 240 ºC and 20 bar for 200 hours. Characterization indicates that 0.5 wt% 
boron has a limited effect on the reducibility of the Co catalyst and on the nature and 
the number of the H2 and CO adsorption sites. Higher boron concentrations 
significantly decrease catalyst reducibility. Promotion with 0.5 wt% boron does not 
affect the maximum activity and the C5+ selectivity of the Co catalyst. However, the 
unpromoted Co catalyst gradually deactivates and loses about 30% of its maximum 
activity after 200 hours. In contrast, the boron promoted catalyst retains more than 
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95% of its maximum activity after 200 hours on stream. TPH and XPS 
characterization show that boron promotion reduces the amount of resilient carbon 
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CONCLUSIONS AND FUTURE SUGGESTIONS 
 
In this thesis, density functional theory (DFT) calculations were used to develop a 
molecular level understanding of the deactivation of Co catalysts during Fischer Tropsch 
Synthesis (FTS) induced by carbon deposition. Based on the molecular level 
understanding, boron was proposed as a potential promoter to enhance the stability of Co 
catalysts. To validate the theoretical predictions, Co catalysts supported on γ-Al2O3 and 
promoted with boron were synthesized, characterized and tested for FTS. The main 
findings of this study can be summarized as follows. 
 
Under realistic FTS conditions of 240 °C, H2/CO of 2 and pressure of 20 bar, the 
deactivation of a 20 wt% Co/γ-Al2O3 catalyst was studied in a micro-fixed bed reactor for 
200 hours. Over this period, the catalyst lost 30% of its maximum activity with a first 
order deactivation rate coefficient of –1.7x10-3 hr-1. Characterization of the spent catalysts 
indicates two types of resilient carbon species have formed. Using X-ray Photoelectron 
Spectroscopy (XPS), a surface carbide and polyaromatic carbon were detected on the 
catalyst. The experimental C 1s binding energies of 283.0 eV and 284.6 eV compare well 
with core level binding energies of 283.4 eV for a p4g surface carbide and 284.5 eV for 
extended graphene islands calculated by DFT.  
 
This finding is consistent with the calculated stabilities of various carbon species on Co 
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surfaces. The stabilities of the various carbon species on a Co surface were evaluated by 
calculating the reaction free energies, ∆Gr (500 K, 20 bar), to form the different carbon 
species from a FTS gas phase reservoir consisting of CO, H2 and H2O at 4.4, 8.9 and 6.7 
bar respectively. The calculations show that graphene is the most stable carbon species 
with a stability of –116 kJ/mol under FTS condition. This is followed by a p4g clock 
surface carbide with a stability of –98 kJ/mol. On-surface carbon is less stable at –4 
kJ/mol, while the stability of subsurface carbon, –6 kJ/mol, is comparable to on-surface 
carbon. Hence, there is no thermodynamic driving force for carbon diffusion to the 
subsurface octahedral sites of the Co catalyst. Meanwhile, surface CH and CH2 species 
have comparable thermodynamic stabilities, at –18 and –17 kJ/mol respectively.  
 
DFT calculations further show that the stable carbon deposits graphene and p4g clock 
carbides initiate and grow from the step edges. Carbon atoms may diffuse into the step 
edge to form the p4g surface carbide or grow out of the step edge to form polyaromatic 
islands. Though extended graphene islands are very stable, smaller islands are 
significantly less stable due to unsaturated carbon edges. It was found that hydrogen 
termination of the edge carbon atoms significantly enhance the stability of small 
graphene islands.  
 
Based on the insight that stable resilient carbon deposits initiate and grow at the step 
edges, the stability of the proposed boron promoter at those nucleation sites was 
evaluated. Detailed DFT calculations indicate that the relative stability of boron on Co 
terraces and near step edges mimics the relative stability of carbon species at those sites. 
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Similar to carbon, boron was calculated to bind strongly at the step sites. It also induces a 
p4g clock reconstruction growing from the step edges. Both forms of boron are 
thermodynamically more stable than boron oxide (B2O3) and diborane (B2H6) under 
realistic FTS conditions. The presence of boron atoms at the step and p4g clock sites also 
reduces the stability of carbon at nearby sites by shifting the d-band center away from the 
Fermi level, and displacement of boron atoms at clock and step sites by surface carbon 
atoms is thermodynamically unfavorable. Hence, a surface cobalt boride is predicted to 
be thermodynamically stable near the step edge during FTS, and small amounts of boron, 
which can be introduced controllably during catalyst synthesis and before reaction, are 
proposed to selectively prevent the adsorption, nucleation, and growth of resilient carbon 
species near the step edges.  
 
To verify this proposal, 20 wt% Co/γ-Al2O3 catalysts were promoted with 0.5 and 2.0 
wt% boron. Characterization studies indicate that 0.5 wt% boron has a limited effect on 
the reducibility of Co catalyst, as well as the nature and number of H2 and CO adsorption 
sites. However, higher boron concentrations (2.0 wt%), significantly decrease catalyst 
reducibility. The Co/γ-Al2O3 catalysts promoted with 0.5 wt% boron were found to 
display a maximum activity and C5+ selectivity comparable to the initial activity of the 
unpromoted reference catalysts under FTS conditions of 240 °C, a H2/CO ratio of 2, and 
20 bar. However, unlike the unpromoted catalyst, the boron promoted catalyst retains 
more than 95% of its maximum activity after 200 hours on stream. Additional 
experiments at a higher space velocity and lower CO conversion confirmed that 
promotion with 0.5 wt% boron enhances the stability of a 20 wt% Co/γ-Al2O3 catalyst 
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during FTS without affecting the initial activity or C5+ selectivity. Post-reaction 
characterization of the boron promoted catalysts by Temperature Programmed 
Hydrogenation (TPH) and XPS indicates that boron promotion reduces the concentration 
of resilient carbon deposits 3-fold.  
Suggestions for future work 
It is acknowledged that catalyst deactivation is a major challenge for the Co based FTS 
process. Because of the relatively high price of Co catalysts, improved catalyst stability 
will add competitiveness to the technology. To extend the work of boron promotion of 
supported Co catalysts, the following investigations are suggested: 
 
Effect of the support on the promoting effects of boron for Co catalysts  
Commonly used supports for Co-based catalysts in FTS are alumina, titania and silica 
(Dry, 1996; 2002). Although the supports are deemed neutral and their primary objective 
is to increase the dispersion of the metal, metal-support interactions do influence the 
performance of the catalyst by altering the particle size of Co crystallites, which in turn 
affects their activity, selectivity and possibly long-term stability. For similar types of 
supports, even different phases such as γ-Al2O3 or α-Al2O3 may have an effect on the 
performance of the catalyst, with the former yielding a lower C5+ selectivity (Rane et al., 
2010). Therefore, it is important to study the promoting effects of boron for different 
supports. 
 
Influence of the boron precursor on promoting effect  
The interaction between the support and the metal oxide (catalyst) precursor is also an 
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important factor determining the dispersion of a metal catalyst and hence the behavior of 
the catalyst. A number of studies have addressed the effect of boron addition to alumina 
supports prior to metal impregnation. The Al-O-B-O-Al bonds resulted in a modified 
catalytic activity (Thomas, 1945; Ikebe, 1958; Ikebe et al., 1958). A detailed study by 
Flego and Parker (1999) suggests that boron can modify the acidic nature of the Al2O3 
support, giving rise to a modified catalytic activity. To evaluate the effects of the boron 
precursor on the activity of boron-modified Co/TiO2 catalysts for FTS, Coville and Li 
(2002) used various boron precursors (ammonium borate, boric acid and o-carborane). 
According to the authors, catalyst reducibility and FT activity are significantly influenced 
by the boron precursor. Characterization studies with TPR and O2 titration indicate that 
boron from o-carborane is easily reduced compared with boron from ammonium borate 
and boric acid precursors. As such, it might be important to evaluate the effect of 
different boron precursors. 
 
Effect of different promoters 
Various noble metals have been utilized as promoters to improve the catalytic activity of 
Co catalysts for FTS. These promoters are mainly used to improve the reducibility of 
supported Co catalyst, thus improving their FTS activity (Jacobs et al., 2002). The 
earliest reported promoter to enhance the stability of supported Co catalysts is Ru, which 
is believed to enhance the carbon deposition resistance (Iglesia et al., 1994). Although Ru 
and K were both reported to enhance the stability of Co FTS catalysts, Ru is expensive 
and K reduces the activity even in small concentrations. To be effective, potential 
promoters should be affordable and enhance the long-term stability without sacrificing 
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activity or selectivity.   
 
Recently, Sn and Mn were reported as promoters to enhance the stability of Ni and Co 
catalysts. Ni catalysts promoted with Sn were found to enhance the stability of Ni 
catalysts during steam reforming (Choi et al., 1998; Nikolla et al., 2007). Since the 
promoting effect of B was found to translate from Ni to Co catalysts, the promoting 
effects of Sn may also be beneficial to Co catalysts. Mn was also reported to enhance the 
stability of Co FTS catalysts (Keyser et al., 1998). To date, a molecular level 
understanding of the effect of Mn promotion on Co catalysts has not yet been reported, 
and a detailed DFT study may help elucidate the promotion mechanism. 
 
Performance of boron promoted Co/γ-Al2O3 at 210 to 230 °C 
In this thesis, reactor studies for the 0.5 wt% boron promoted Co/γ-Al2O3 catalyst were 
conducted at a slightly elevated temperature of 240 °C in order to accelerate the 
deactivation process. In order to evaluate the stability and activity of the boron-promoted 
catalysts at industrially relevant temperatures, the catalyst should also be tested between 
210 and 230 °C, possibly for even longer periods.  
 
Performance of boron promoted Co/γ-Al2O3 catalyst in a Continuous Stirred Tank 
Reactor and a Slurry Bed Column Reactor 
In this thesis, boron promoted Co/γ-Al2O3 catalysts were studied in a micro fixed bed 
reactor at rather high CO conversions. Though the kinetic measurements were free of 
heat and mass transport limitations, the performance of the boron promoted catalysts 
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might need to be evaluated in different reactor types such as a CSTR or a SBCR to 
evaluate the potential effect of the hydrodynamics on the stability. It would also be 
important to evaluate the catalyst stability for different CO conversion levels, as the 
deactivation rate might depend on the conversion (Tsakoumis et al., 2010). 
 
Surface science studies to help bridge the gap between the DFT studies and 
experimental reactor studies 
On a molecular level, DFT can help understand the mechanism, as well as the nature, 
stability, reactivity and structure of active sites. However, the insights gained from the 
molecular level studies require molecular level experimental verification that is not easily 
obtained using conventional reactor studies and characterization techniques. To provide a 
better link between the DFT studies and industrial catalysis, surface science studies on 
single crystals could serve as a bridge.  
 
To experimentally evaluate the DFT predictions, such as the location of the carbon and 
boron atoms on a Co surface, the adsorption and decomposition of carbon and boron 
precursors on single crystal surfaces, such as Co(111) and Co(0001), could be studied 
under ultrahigh vacuum (UHV) conditions using techniques such as scanning tunneling 
microscopy (STM) or low energy electron diffraction (LEED). In this thesis, XPS was 
used to determine the chemical and electronic nature of the catalyst surface elements, B 
and Co, for both the calcined and the reduced catalyst, as well as for the formed carbon 
species, but surface science techniques such as STM and LEED were not used. While 
XPS is helpful to identify the average chemical nature of the catalyst surface, it does not 
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conclusively identify the location of B or C on Co surface. It should however be noted 
that surface science studies on Co single crystals under relevant FTS conditions are 
notoriously challenging because of massive reconstructions of the Co surface (Wilson 
and de Groot, 1995; Beitel et al., 1996; 1997) 
 
With increasingly powerful computers and improved algorithms, DFT is at the forefront 
of developing molecular understanding for heterogeneous catalysis. This is important 
because breakthroughs in catalyst selectivity, activity and stability will only occur if we 
can elucidate and design the active sites for the catalyst at the molecular level. Molecular 
modeling not only provides information and insights that may be difficult to obtain 
experimentally, it can begin to replace expensive experiments in some cases. Although 
DFT can begin to help understand the origin of catalyst activity and promotion, there are 
large gaps between industrial application and DFT modeling. A close interaction between 
modeling and experiment is therefore vital. In this thesis, it was demonstrated how 
collaboration and synergy between DFT simulations and experimental investigations can 
lead to the design of improved Co catalysts. This approach is not limited to metal 
catalysis, but has the potential to be extended to a large number of industrially important 
catalyst systems, such as metal sulfides, metal oxides and zeolites. The design of new 
catalytic materials using DFT simulations, followed by experimental validation and 





Fischer-Tropsch Synthesis is a complex catalytic reaction whereby CO and H2 are 
converted to hydrocarbon products over transition metal catalysts such as Fe and Co. 
Unfortunately both catalysts gradually lose their activity with time on stream during FTS. 
Therefore, improving the stability of the catalysts has tremendous benefits, in particular 
for Co-based catalysts which are more expensive than Fe-based catalysts. 
 
In this thesis, theoretical calculations were integrated with catalyst characterization and 
reactor studies to understand the deactivation of Co catalyst under realistic FTS 
conditions. Our studies indicate that the long-term deactivation of Co catalysts under 
realistic FTS conditions can be mainly attributed to deposition of resilient carbon species. 
Our findings are consistent with recent experimental studies performed in a 100 barrels 
per day slurry bubble column demonstration reactor (Saib et al., 2006; Moodley et al., 
2009) and suggest that carbon deposition plays an important role in the deactivation 
encountered on an industrial scale. Our studies further suggest that the deactivation is 
linked to the growth of a p4g surface carbide and of polyaromatic carbon islands on Co 
catalysts during FTS, and a detailed mechanism for their nucleation and growth was 
proposed. This fundamental understanding of the growth mechanism of resilient carbon 
deposits provided a first step to develop approaches to prevent deactivation induced by 
them. 
 
Earlier studies in our group had identified that boron promotion enhances the stability of 
Ni catalysts during steam methane reforming (Xu and Saeys, 2006, 2008) and reduces the 
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rate of deactivation of Co catalysts during propane decomposition (Mok, 2005). 
Therefore boron was selected for further studies and detailed experimental investigation. 
Detailed DFT and thermodynamic calculations, coupled with catalyst characterization, 
suggested that small amounts of boron can enhance the stability of Co catalysts during 
FTS by preventing the nucleation of resilient carbon deposits, but without affecting the 
activity and selectivity of the catalysts. Indeed, reactor studies confirmed that the addition 
of small amounts of boron (0.5 wt%) to Co/γ-Al2O3 drastically improved the catalyst 
stability without sacrificing performance. After 200 hours on stream, only minimal 
deactivation could be detected for the promoted catalyst. In contrast, the unpromoted 
catalyst had lost 30% of their initial activity during the same test. As boron is economical 
and industrial impregnation methods were used to synthesize the boron promoted Co 
catalyst, boron may soon find industrial acceptance as a promoter. To confirm that the 
promoting effect of boron extends to the industrial scale, long term tests in pilot scale 
bubble column reactors would be required. 
 
Overall, the successful combination of first principles based modeling and careful 
experimental validation in this work again highlights the potential for theoretical 
calculations to complement and elucidate experimental observations and in some cases, 
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